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Abstract 
In this dissertation, the primary aim was to investigate the kinetic and mechanistic features of 
homo- and copolymerization of styrene and n-butyl acrylate via in situ 1H and 31P NMR, with 
persistent radical species (in the form of the nitroxide DEPN) mediating the processes. 
Homopolymerization of styrene and n-butyl acrylate using the alkoxyamine MAMA-DEPN have 
been studied via in situ 1H NMR. The kinetic and mechanistic features of the high temperature 
nitroxide mediated homopolymerization of n-butyl acrylate are dealt with. The rate of 
polymerization of n-butyl acrylate was observed to be independent of the initial concentration of 
the alkoxyamine initiator. The co-existence of secondary propagating radicals and mid-chain 
radicals, and thermal auto-initiation of n-butyl acrylate are dealt with in explaining the observed 
phenomenon of rate independence. The rate coefficient for thermal auto-initiation of n-butyl 
acrylate was determined as 3.54 × 10-7 L mol-1 s-1 via in situ 1H NMR experiments. Among 
reactions the mid-chain radicals can undergo, the ß-fragmentation results in the formation of a 
secondary propagating radical and a chain bearing a 1,1-disubstituted alkene end group. The 
evolution of the chains bearing the 1,1-disubstituted alkene end groups showed a first order 
dependence on time, indicating that the incorporation of such species in the growing chains was 
negligible. With the aid of simulations carried out using the Predici software package, it has been 
demonstrated in conjunction with experimental data that the thermal auto-initiation can be 
ascribed to the observed phenomenon of rate independence.  
The reactivity ratios for the styrene/n-butyl acrylate copolymerization system mediated by DEPN 
were determined as 74.0=Sr  and 23.0=Br . The terminal monomer unit of dormant chains was 
tracked via in situ 31P NMR. Simulations of the copolymerization process assuming the 
penultimate unit model resulted in good agreement between the copolymerization data extracted 
from both in situ 1H and 31P NMR. The parameter estimation tool of the Predici software 
package was used to estimate the rate coefficients governing the NMP equilibrium of polymeric 
radicals with the n-butyl acrylate as the terminal unit. The equilibrium coefficient obtained from 
homopolymerization of n-butyl acrylate is a composite of two equilibria, one involving the 
secondary propagating radical and the other the mid-chain radical. This equilibrium constant 
from n-butyl acrylate homopolymerization experiments cannot be directly adapted into the 
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copolymerization, as the effect of mid-chain radicals is non-existent in a copolymerization 
process.  
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Uittreksel 
Die primêre doel van hierdie proefskrif was om die kinetiese en meganiese eienskappe van 
homo- en ko-polimerisasie van stireen en n-butielakrilaat te ondersoek deur in situ 1H en 31P 
KMR, met volgehoue radikale spesies (in die vorm van die nitroksied DEPN) wat optree as 
tussenganger in die prosesse. Homopolimerisasie van stireen en n-butielakrilaat met behulp van 
die alkoksiamien MAMA-DEPN is bestudeer deur in situ 1H KMR. Die kinetiese en meganiese 
eienskappe van die hoë temperatuur nitroksied-beheerde homopolimerisasie van n-butielakrilaat 
is ook bestudeer. Daar is waargeneem dat die tempo van polimerisasie van  
n-butielakrilaat onafhanklik is van die aanvanklike konsentrasie van die alkoksiamieninisieerder.
 
Die mede-bestaan van sekondêre voortplantingsradikale, mid-kettingradikale en termiese  
outo-inisiasie van n-butielakrilaat word verduidelik deur die verklaring van die waargenome 
verskynsel van tempo onafhanklikheid. Die tempo koëffisiënt vir termiese outo-inisiasie van  
n-butielakrilaat is 3,54 × 10-7 L mol-1 s-1 via in situ 1H KMR eksperimente. Die  
mid-kettingradikaal kan onder andere β-fragmentasie ondergaan wat lei tot die vorming van ‘n 
sekondêre voortplantingsradikaal en ‘n ketting met ‘n 1,1-digesubstitueerde alkeeneindgroep. 
Die ontwikkeling van die kettings met die 1,1-digesubstitueerde alkeeneindgroepe het ‘n eerste 
orde afhanklikheid van tyd, wat aandui dat die invoeging van die spesies geen invloed op die 
groeiende ketting het nie. Simulasies met die Predici sagtewarepakket in samewerking met 
eksperimentele data het gedemonstreer dat die termiese outo-inisiasie toegeskryf kan word aan 
die tempo onafhanklikheid. 
 
Die reaktiwiteitsverhoudings vir die stireen/n-butielakrilaat kopolimerisasie stelsel beheer deur 
DEPN is onderskeidelik bepaal as rS = 0.74 en rB = 0.23. Die terminale monomeereenheid van 
die onaktiewe kettings is gevolg deur in situ 31P KMR. Simulasies van die kopolimerisasieproses 
met die aanvaarding van die voorlaaste eenheidsmodel het goed vergelyk met die 
kopolimerisasie data verkry van beide die in situ 1H en 31P KMR. Die parameter beraming van 
die Predici sagtewarepakket is gebruik om die tempo koëffisiënt vir die NMP ewewig van 
polimerisasieradikale met n-butielakrilaat as terminale eenheid te bepaal. Die ewewig koëffisiënt 
van die homopolimerisasie van n-butielakrilaat is ‘n samestelling van twee ewewigte, een van 
die sekondêre voortplantingsradikaal en die ander van die mid-kettingradikaal. Hierdie 
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ewewigskonstante van n-butielakrilaat homopolimerisasie eksperimente kan nie direk aangepas 
word in die kopolimerisasie nie omdat die effek van die mid-kettingradikale nie bestaan in die 
kopolimerisasie proses nie.  
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Chapter I: Introduction 
 
Synopsis 
 
In this chapter a general introduction on conventional free radical 
polymerization is provided and a brief discussion of living/controlled 
free radical polymerization is given. An overview of the respective 
living/controlled free radical polymerization techniques, namely 
RAFT, ATRP and NMP is also given. This chapter concludes with the 
objectives of this work, together with a detailed outline of this 
dissertation. 
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1.1 Free Radical Polymerization 
Natural polymeric materials have existed on earth for much longer than their synthetic 
counterparts. In their quest to understanding nature, mimicking some of nature’s complex 
processes has become an ideal subject for some synthetic polymer chemists as far as polymeric 
materials are concerned. Synthetic polymeric materials find applications in numerous fields, with 
properties being improved continuously with research. A large fraction of the synthetic 
polymeric materials are produced via free radical polymerization (FRP), as they allow 
production of a wide variety of polymeric materials. 
FRP comprises of three distinct steps, namely initiation, propagation and termination and these 
steps are as illustrated in Scheme 1-1. FRP is largely employed in industry in the production of a 
variety of polymers due to several advantages associated with it, which include a wide range of 
monomers that can be (co)polymerized and its tolerance to impurities. Due to its versatility, a 
wide range of homopolymers, copolymers and terpolymers can be produced with relative ease 
under industrial conditions. 
 
 
Scheme 1-1: Mechanism for conventional free radical polymerization. 
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Irrespective of the advantages associated with FRP, the major drawback of the method lies in the 
difficulty to control the process. The lack of control is mainly due to continuous initiation and 
termination of radicals coupled with the high reactivity of radicals in the reaction medium which 
results in irreversible reaction of radicals with one another through either a coupling or 
disproportionation reaction. This results in the formation of termination products throughout the 
reaction, thus in conventional FRP, termination cannot be eliminated. The second drawback 
which is a direct consequence of the first one is poor control over molecular weight and 
molecular weight distribution. The high demand of advanced polymeric materials which require 
utmost control over the polymerization process, necessitated modification and improvement to 
conventional FRP in order to gain access to these materials. To address the limitations of 
conventional FRP, much attention has been paid to controlled/living radical polymerization over 
the past 15 years. 
 
1.2 Controlled/Living Radical Polymerization (CRP) 
The concept of living polymerization was first discovered by Szwarc,1 realizing that during 
styrene anionic polymerization all polymer chains grew until total consumption of the monomer 
and continued growing upon addition of more monomer. Upon addition of a suitable second 
monomer, a block copolymer was formed, and this behavior is attributed to the living character 
of the system. The molecular weight of the polymer formed could also be predicted based on the 
ratio of monomer to initiator and the resultant polydispersity indices were low, indicating control 
over the polymerization system.  
Developments in CRP brought about new radical polymerization methods involving reversible 
activation–deactivation and degenerative exchange processes. In an ideal CRP, the degree of 
polymerization is observed to increase linearly with conversion and the polydispersity index 
decreases with conversion and often approaches unity. The key to CRP systems lies in the 
existence of a dynamic equilibrium between the propagating radicals and the dormant chains.2 
Radical trapping by a reversible activation–deactivation process relies on the persistent radical 
effect (PRE), as observed in both atom transfer radical polymerization (ATRP) and nitroxide 
mediated polymerization (NMP). On the other hand, systems dependent on degenerative transfer 
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are not based on PRE, as in the case of the reversible addition – fragmentation chain transfer 
(RAFT) mediated polymerization. 
 
1.2.1 RAFT mediated polymerization  
In a RAFT mediated polymerization system, chain transfer agents are added to provide a 
controlled and living character to the system, resulting in controlled molecular weight and 
molecular weight distribution, together with control of the chain end functionalities of the 
polymer.3 
 
 
Scheme 1-2: Degenerative chain transfer equilibrium. 
 
The controlled and living character of this system is achieved by reversible addition-
fragmentation chain transfer (Scheme 1-2), which solely depends on the faster rate coefficient of 
chain transfer compared to that of propagation. This phenomenon results in polymer chains 
spending more time as dormant species relative to the time they spend in their active form. 
 
1.2.2 ATRP 
ATRP systems employ the use of an alkyl halide (P–X) together with a transition metal complex 
(Mtn/L) as illustrated in Scheme 1-3. The homolytic cleavage of the alkyl halide is caused by the 
transition metal complex (Mtn/L) resulting in the generation of an alkyl radical and the higher 
oxidation state metal halide complex (Mtn+1/L).4, 5 
 
 
Scheme 1-3: ATRP equilibrium. 
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The alkyl radical generated adds monomer at a rate determined by the propagation rate 
coefficient (kp) before undergoing reversible deactivation to form a dormant polymer chain end-
capped with a halogen. In contrast to conventional FRP, the PRE largely minimizes irreversible 
radical–radical bimolecular termination in ATRP systems and the equilibrium in the system is 
shifted towards the dormant species.6, 7 The equilibrium should be optimized such that the 
propagating radical concentration is optimum to allow reasonable rates of propagation and 
minimize the amount of dead polymer chains formed. 
 
1.2.3 NMP 
NMP employs persistent radicals (X) which reversibly deactivate propagating alkyl radicals to 
form a dormant polymer chain (P–X), Scheme 1-4. 
 
 
Scheme 1-4: NMP equilibrium. 
 
Persistent radicals employed in this system are nitroxide compounds, which are stable radicals 
which will only react reversibly with the alkyl radicals to form a dormant species. 
 
1.3 In situ NMR Spectroscopy 
Recently, in situ NMR spectroscopy has proven to be a very useful and powerful technique in 
investigations of CRP. It is used to follow the concentration profile of one or several species in 
the reaction mixture and the information obtained can be very useful in elucidating and 
understanding the kinetic and mechanistic aspects of the reaction in question.8-10 
 
1.4 Objectives of this work 
The aims of the project were to study the kinetic and mechanistic features of homo- and co-
polymerization reactions of styrene and n-butyl acrylate mediated by persistent radical species in 
the form of nitroxides. In situ 1H NMR was the primary technique for monitoring the 
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polymerization process. A unimolecular NMP system would be favoured over the bimolecular 
process, primarily because of the greater control over condition experienced in the unimolecular 
system. The alkoxyamine of choice is 2-methyl-2[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-
dimethoxypropyl)aminoxy]propionic acid, abbreviated MAMA-DEPN. The use of in situ 1H 
NMR allows for periodic acquisition of data so that the products, reactants and products of side 
reactions can be profiled as a function of polymerization time. Due the presence of the 
phosphorus in the nitroxide, in situ 31P NMR would be used to follow the copolymerization of 
styrene and n-butyl acrylate and aid in the profile of the terminal unit of dormant chains with 
time as a function of initial feed composition. Simulation of both homo- and copolymerization 
reactions will be performed using the Predici software package (version 6.72.3) to help in the 
quest of explaining the experimentally observed kinetic features. A brief outline of this report is 
given in Section 1.5. 
 
1.5 Outline  
In Chapter II, a brief introduction on living radical polymerization is given with the focus is 
made on concepts of nitroxide mediated polymerization (NMP). The subject of mechanisms 
involved in both bimolecular and unimolecular NMP processes is touched on and a brief history 
on the development of nitroxides is given. A brief overview is given on the reported kinetic 
equations governing the different aspects of NMP, and also on methods reported in literature for 
the determination of kinetic constants involved in NMP. 
 
In Chapter III, the concepts of homopolymerization of styrene and n-butyl acrylate as a building 
block for the copolymerization reactions that are dealt with in Chapter V are reported. Detailed 
outline for the optimized synthetic route of the nitroxide (DEPN) and the corresponding 
alkoxyamine (MAMA-DEPN) is reported in this chapter. The use of in situ 1H NMR 
spectroscopy allows for respective homopolymerizations to be monitored in real time. The 
independence of rate of polymerization on the initial concentration of the alkoxyamine in the 
case of n-butyl acrylate homopolymerization is discussed. 
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Chapter IV addresses the side reactions experienced in the high temperature n-butyl acrylate 
homopolymerization in the presence of a nitroxide species via experimentation and theoretical 
models. The simulations of the polymerization were carried out with the Predici software 
package. The results obtained from simulations of the nitroxide mediated homopolymerization 
yielded valuable information which is able to explain a phenomenon of rate independence 
reported in Chapter III.  
 
In Chapter V the copolymerizations of styrene and n-butyl acrylate will be studied using in situ 
1H and 31P NMR techniques. The concept of differentiating between copolymerization models is 
introduced, defining both the terminal unit model (TUM) and the penultimate unit model (PUM) 
for copolymerization. From the data obtained from the in situ NMR copolymerizations, reactivity 
ratios of styrene and n-butyl acrylate were determined for the NMP system initiated by MAMA-
DEPN. Simulations of styrene/n-butyl acrylate copolymerization are carried out with Predici 
software package, assuming the implicit penultimate unit model. 
 
Chapter VI deals with the general findings and conclusions to the work reported in this 
dissertation. Recommendations for future studies are also provided.   
8 
 
References 
1. Szwarc, M. Nature 1956, 178, 1169-1170. 
2. Braunecker, W. A.; Matyjaszewski, K. Progr. Polym. Sci. 2007, 32, 93 - 146. 
3. Matyjaszewski, K.; Davis, T. P., Handbook of Radical Polymerization. Wiley-
Interscience: 2002. 
4. Kamigaito, M.; Ando, T.; Sawamoto, M. Chem. Rev. 2001, 101, (12), 3689 - 3745. 
5. Matyjaszewski, K.; Xia, J. Chem. Rev. 2001, 101, 2921 - 2990. 
6. Tang, W.; Tsarevsky, N. V.; Matyjaszewski, K. J. Am. Chem. Soc. 2006, 128, 1598 - 
1604. 
7. Fischer, H. Chem. Rev. 2001, 101, (12), 3581 - 3610. 
8. Aguilar, M. R.; Gallardo, A.; Fernández, M. d. M.; Román, J. S. Macromolecules 2002, 
35, (6), 2036-2041. 
9. Abdollahi, M.; Mehdipour-Ataei, S.; Ziaee, F. J. Appl. Polym. Sci. 2007, 105, 2588-2597. 
10. Pound, G.; McLeary, J. B.; McKenzie, J. M.; Lange, R. F. M.; Klumperman, B. 
Macromolecules 2006, 39, 7796-7797. 
 
 
  
9 
 
Chapter II: Controlled/Living Radical Polymerization Kinetics-An Overview 
 
Synopsis 
 
In this chapter a brief introduction on living radical polymerization is 
given with the focus on the concepts of nitroxide mediated 
polymerization (NMP). Mechanisms involved in both bimolecular and 
unimolecular NMP processes are described and a brief history of the 
nitroxide development is also given. A brief overview is given of the 
reported kinetic equations governing the different aspects of NMP, 
and also methods reported in literature used for the determination of 
kinetic constants involved in NMP.  
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2.1 Living Radical Polymerization; Concepts 
The ideas behind controlled/living radical polymerization (CRP) for both degenerative transfer 
and persistent radical effect (PRE) based mechanisms were briefly introduced in the previous 
chapter. From this point, focus will mainly be on PRE based mechanisms, especially nitroxide 
mediated polymerization (NMP). Through controlled/living radical polymerization, specialized 
polymers of defined architecture, molecular weight and narrow molecular weight distribution are 
obtained with relative ease. The living character, control over molecular weight and molecular 
weight distribution characteristic of a CRP process are obtained because of minimized 
termination reactions combined with the fact that all polymer chains are allowed to grow at about 
the same rate since initiation is generally fast relative to the time of polymerization. In the case 
of NMP, the equilibrium between the propagating radicals and the persistent radical species is 
very important in determining the living character and control over a polymerization system. To 
attain a high degree of control and living character, the equilibrium constant ( cd kkK = , where 
dk  is the dissociation constant and ck  is the combination constant) of the system should be 
sufficiently small.1 This will result in a low concentration of the propagating radicals, which will 
also be short lived before they reversibly terminate with persistent radical species. This will on 
average allow for addition of one or two monomer units to the propagating radical before 
transition into the dormant state.  
The prediction of the average number of monomer units added per activation-deactivation cycle 
can be made by calculating the run length per activation cycle (RLPAC) as illustrated by 
Equation 2-1.2-4  
 
][
][
]][[
]][[
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⋅
⋅
==       (2-1) 
 
In Equation 2-1 the parameters used are explained as follows: Rp is the rate of polymerization, 
Rdeact is the rate of deactivation of the transient radicals by the nitroxide, kp is the coefficient of 
propagation, [ ⋅P ] transient radical concentration, [M] is the monomer concentration, and [X] is 
the concentration of the nitroxide. From Equation 2-1, it can be seen that the relation pc kk >  
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should be satisfied to attain the one or two monomer addition scenario per activation cycle for a 
typical monomer and nitroxide concentrations of the order 101 mol/L and 10-3 mol/L 
respectively. 
 
2.2 Nitroxide Mediated Polymerization (NMP) 
2.2.1 Basic Mechanism 
The concepts behind the use of nitroxides in free radical polymerization date as far back as the 
1980s, from the work of Solomon and coworkers5,6 with further advancement of the technique by 
Georges.7 Following Scheme 2-1, the dynamic equilibrium that exists between the active (5) and 
dormant (6) species in NMP is the major feature which is crucial to the degree of control of the 
polymerization process. The alkoxyamine initiator (1) is homolytically cleaved at the C−ON 
bond to give the transient radical (2) and the corresponding persistent nitroxide radical (3).  
 
The transient radicals will add monomer units (4) before they are reversibly deactivated to the 
dormant form (6) by recombining with the nitroxide radicals. Due to the homolytic cleavage of 
the alkoxyamine, equal concentrations of persistent species (nitroxides) and transient radicals 
would normally be expected from the simple logic that for every transient radical formed a 
nitroxide is also formed. This is not the case that is observed in NMP, due to the fact that 
transient radicals will undergo irreversible bimolecular termination to some extent.8 In principle, 
nitroxides will not undergo any reaction other than reversible deactivation with the transient 
radical, thus the net result of the bimolecular termination of the transient radicals will be a 
buildup of excess nitroxide. The buildup of excess nitroxide radicals will favour the reversible 
deactivation of the transient radicals to form dormant polymer chains, and the irreversible 
bimolecular termination of the transient radicals is significantly decreased even though it never 
ceases completely. This phenomenon was termed the persistent radical effect (PRE),1 which is 
discussed in detail later. 
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Scheme 2-1: Initiation and mediating steps in nitroxide mediated polymerization using  
MAMA-DEPN alkoxyamine. 
 
2.2.2 Bimolecular vs Unimolecular NMP Processes 
2.2.2.1 Bimolecular Process 
In NMP, bimolecular processes refer to instances where a conventional free radical initiator, 
such as 2,2’-Azobis(isobutyronitile) (AIBN) or benzoyl peroxide (BPO) is employed in 
conjunction with a free nitroxide in the presence of monomer and the result is an in situ 
generation of the alkoxyamine.  
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Scheme 2-2: A bimolecular NMP system. 
 
Scheme 2-2 illustrates a bimolecular process for the polymerization of styrene using BPO as the 
initiator and TEMPO as the controlling nitroxide as was applied by Georges and coworkers7 in 
the synthesis of narrow molecular weight distribution polymers with polydispersity indices (PDI) 
comparable to those obtained by anionic polymerization methods. 
 
2.2.2.2 Unimolecular Process 
The unimolecular process in NMP follows the mechanistic aspects as illustrated earlier in 
Scheme 2-1, in which alkoxyamines are made use of, as they homolytically cleave to give 
radicals that can initiate polymerization (transient radicals) and persistent radicals which will 
control the polymerization process. This system allows for the use of a single molecule to initiate 
and control the polymerization process. The drive towards the development of unimolecular 
systems was the poorly defined nature of the bimolecular process together with its unknown 
concentration of initiating species.9 The subject of alkoxyamine synthesis and the importance of 
the identity of the persistent radical (nitroxide) will be discussed in more details in coming 
sections. 
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2.2.3 Nitroxides Development: Review 
The degree to which control over a nitroxide mediated polymerization system is attained is 
strongly dependent on the structure of the persistent radical. The nitroxides TEMPO and TEMPO 
based derivatives (Scheme 2-3) together with their alkoxyamines are known to efficiently control 
only the polymerization of monomers such as styrene and its derivatives. 
 
 
Scheme 2-3: Examples of first generation nitroxides (TEMPO and its derivatives). 
 
However, TEMPO based nitroxides can also be used to control the random copolymerization of 
styrene with comonomers such as acrylates,10, 11 methacrylates11-14 or acrylonitrile11 yielding 
copolymers with low PDI, with number-average molecular weight, Mn, increasing linearly with 
monomer conversion and in good agreement with the theoretically expected values. Decreasing 
the molar fraction of the styrenic monomer in the feed resulted in the deviation between 
theoretical Mn and the experimentally obtained Mn increased and the PDI was also observed to 
increase.12, 15 
Shortcomings of TEMPO and other TEMPO based nitroxides, referred to as the first generation 
nitroxides, prompted the development of the second generation nitroxides (Scheme 2-4). In 
comparison with the first generation nitroxides, distinct features in the structure of the second 
generation nitroxides are that they are acyclic and that they bear hydrogen on one of the α-
carbons, contrary to the two quaternary α-carbons found in the first generation nitroxides.  
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Scheme 2-4: Examples of second generation nitroxides. 
 
These second generation nitroxides allowed for efficient polymerization of styrene and its 
derivatives in addition to a variety of other monomers such as acrylates16-18, acrylamides19, 20, 
dienes21 and acrylonitrile19. Polymerization of styrene in the presence of DEPN as the mediating 
radical was reported22 to proceed faster than in the case when TEMPO was used as a mediating 
radical. TIPNO and BIPNO were also applied successfully to the controlled polymerization of 
styrene.23 Comparative studies between the first generation nitroxides and the second generation 
nitroxides showed not only advantages in terms of the versatility of monomers that can be 
polymerized under controlled conditions but also the kinetics were appreciably enhanced in the 
case of second generation nitroxides.23, 24 
 
2.2.4 Alkoxyamine Synthetic Approaches 
2.2.4.1 Introduction  
The development of functionalized unimolecular initiators in NMP was important, in that 
functionalized chain ends of polymers could readily be obtained on top of the already known 
advantages of the NMP system. The unimolecular initiators will be referred to as model 
alkoxyamines, to differentiate them from macro-alkoxyamines which refer to the polymer chains 
end capped with a nitroxide and capable of reinitiating a controlled polymerization process upon 
heating. The synthetic approach initially used for model alkoxyamines involved the generation of 
carbon centered radicals followed by trapping of the carbon centered radicals by the stable 
nitroxide radicals (Scheme 2-5). The major drawback of this synthetic procedure was low yields 
obtained due to many side reactions that occurred,9 which rendered the purification of the final 
product very difficult. 
 
 
ON
P
O
O
O
ON
DEPN TIPNO
ON
BIPNO
16 
 
 
Scheme 2-5: Preparation of the alkoxyamine Styryl-TEMPO. 
 
2.2.4.2 Tailoring the Right Alkoxyamine 
Due to the drawbacks encountered in the initial synthetic routes of model alkoxyamines, efforts 
were made to improve the product yield and lower the side reactions by development of new 
strategies towards the synthesis of model alkoxyamines. Several reports have been made on the 
synthesis of TEMPO based alkoxyamines, and of several other new nitroxides. Hill25 reported 
the synthesis of a new arylethyl-functionalized N-alkoxyamine initiator for the preparation of 
end-functionalized polymer by NMP, and Pradhan26 reported a highly selective route to allylic 
alkoxyamines applying an ene-like addition of an oxoammonium cation to alkenes. Flakus and 
coworkers27 reported a synthetic route for the synthesis of phenylethyl-alkoxyamine of BIPNO 
with the aid of a Jacobsen-like manganese catalyst, with yields in excess of 90%. The application 
of  atom transfer radical addition (ATRA) in the presence of Cu(0) to the synthesis of 
alkoxyamines by Matyjaszewski,28 provided a facile low temperature route to the synthesis of 
model alkoxyamines (Scheme 2-6). 
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Scheme 2-6: Preparation of the alkoxyamine MAMA-DEPN via the ATRA technique. 
 
The alkyl moiety in the alkoxyamine can be tailor-made to the desired group due to the wide 
availability of the alkyl halide compounds required for the synthetic procedures. In this 
procedure, an alkyl halide is treated with a copper(I) complex resulting in controlled generation 
of alkyl radicals and the corresponding copper(II) complex followed by trapping with a nitroxide 
of choice to give the corresponding alkoxyamine in very high yields. The use of copper(0) 
powder in the reaction aids in the reduction of the copper(II) to copper(I) in the presence of a 
stabilizing ligand such as N,N,N`,N``,N``-pentamethyldiethylenetriamine (PMDETA).28, 29 This 
allows for complete conversion of the alkyl halide in the presence of a slight excess of the 
nitroxide to give high yields of the alkoxyamine.  
 
2.2.5 Kinetic Aspects of NMP 
2.2.5.1 The Persistent Radical Effect (PRE) 
To explain the principles behind PRE, Scheme 2-7 will be considered. 
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Scheme 2-7: The NMP equilibrium and the termination step. 
 
In unimolecular NMP systems, the concentration of transient radicals and persistent radical 
species generated at the initial stages of the reaction are equal, and the persistent radical species 
will only react reversibly with the transient radicals while on the other hand the transient radicals 
also react irreversibly in a bimolecular fashion resulting in dead products. The competition 
between the reversible deactivation and the irreversible bimolecular termination is present at 
early stages of the polymerization due to the low concentration of the persistent radical species. 
By applying simple stoichiometry it becomes clear that for every bimolecular termination of the 
transient radicals there is an excess buildup of two equivalents of the persistent radical species. 
The continuation of the irreversible bimolecular termination by the transient radicals will further 
result in buildup of excess persistent radical species to a point where the deactivation reaction in 
Scheme 2-7 will be more favored over the irreversible termination due to low radical 
concentration at any instant in the reaction. Despite the equilibrium being shifted towards the 
dormant species, irreversible bimolecular termination never ceases to occur even though it is 
highly suppressed. 
 
2.2.5.2 Bimolecular NMP Systems  
To describe the kinetics of these NMP systems, it is appropriate to consider the reaction 
illustrated by Scheme 2-7 and to take into account the persistent radical effect1, 8, 30 in the 
polymerization process. The rate of consumption of the monomer can be regarded as the prime 
factor in the kinetic description of the polymerization process and is expressed as: 
 
]][[][ MPkdt
Md
p ⋅=
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

−         (2.1) 
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The expressions for the propagating and persistent radical concentrations in the polymerization 
system are defined by the following differential equations: 
 
]][[][][ XPkXPkdt
Xd
cd ⋅−−=



        (2-2) 
 
2][2]][[][][ ⋅−+⋅−−=



 ⋅ PkRXPkXPkdt
Pd
ticd      (2-3) 
 
where iR  is the rate of conventional initiation in the case of bimolecular NMP systems and in the 
case of unimolecular processes iR  will only be significant in the case of styrene polymerization 
at high temperatures where spontaneous thermal initiation is quite significant. If any side 
reactions other than reactions defined by Equations 2-2 and 2-3 are neglected, the fraction of 
dead chains can be considered negligible. If the assumption that all the rate constants are chain 
length independent is valid, an expression for the transient radicals and the persistent species 
under quasi-equilibrium conditions can be written as: 
 
00][]][[ KIXPKXP =−=⋅         (2-4) 
with 
cd kkK =           (2-5) 
 
where ][][ 000 XPXPI −=−=  represents the initial concentration of the model alkoxyamine 
initiator. 
If  is significant, the NMP system will reach a stationary state after a certain period of time. 
At stationary state conditions both the concentration of ⋅P  and X are constant, thus 
0][][ ==⋅ dtXddtPd  and the expressions for the concentrations of transient radicals and 
persistent species can be written as  
 
iR
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From Equations 2-6 and 2-7 it can be deduced that the balance between initiation and 
termination rates will only determine the concentration of transient radicals typical of 
conventional polymerization systems, while on the other hand the equilibrium constant will 
affect the concentration of the persistent radical species. 
The expression for the rate of polymerization is ]][[ MPkR pp ⋅=  and it is independent of the 
reversible activation-deactivation reaction (Scheme 1-4) which is also typical of the conventional 
polymerization system and the corresponding conversion index can be expressed as: 
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2.2.5.3 Unimolecular NMP Systems  
In unimolecular NMP systems the generation of radicals, both transient and persistent will 
increase rapidly in the early stages of the polymerization reaction due the fact that the radical 
concentration is too small for the deactivation reaction (Scheme 1-4) to be significant. Due to the 
PRE explained in the previous section (2.2.5.1), the increase in the concentration of transient 
radicals will slow down and the concentration of the persistent radical species will continue to 
increase but at a slower rate. In this case, to solve the expressions of transient radicals and 
persistent radical species the term  in Equation 2-3 is taken as zero and Equation 2-4 is not 
used in Equation 2-3 when finding the solutions to the differential equations. Thus the resulting 
expressions for [P·] and [X] are as illustrated by Equations 2-9 and 2-10, respectively.1, 31 
 
( ) 3/13/10 6][][ −−=⋅ tkXPKP t        (2-9) 
iR
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( ) 3/13/1202 ][3][ tXPKkX t −=        (2-10) 
 
To find the expression for the conversion index, Equation 2-9 is substituted into Equation 2-1 to 
yield Equation 2-11, which upon rearrangement results in Equation 2-12. 
 
( ) 3/13/10 6][][][ −−=− tkXPKMkdt
Md
tp      (2-11) 
 
( ) dttkXPKkMMd tp 3/13/10 )6][(][][ −−=−      (2-12) 
 
Integrating Equation 2-12 with respect to [M] and t in their respective limits of ([M]o to [M]) and 
(t = 0 to t = t), the expression for the conversion index is obtained as1   
 
( ) ( )( ) 3/23/100 6][23][][ln tkXPKkMM tp −=      (2-13) 
 
From Equation 2-13 it is evident that in the case of the nitroxide mediated polymerization system 
where a unimolecular initiator has been employed, the conversion index will show a one third 
and two thirds order dependence on the initial alkoxyamine concentration and time, respectively. 
Lutz and coworkers32 illustrated the experimental validity of the PRE theory by employing an 
alkoxyamine styryl-DEPN in the polymerization of styrene and obtained the conversion index 
which showed a two thirds order dependence on time according to Equation 2-13. On the other 
hand, the work of Benoit and coworkers16 where a free nitroxide and a conventional initiator are 
employed, the conversion index showed a first order dependence on time according to Equation 
2-8. Also complementary is the work reported by Schierholz and coworker20 showing first order 
dependence of the conversion index on time for the nitroxide mediated polymerization of  
N,N-dimethylacrylamide initiated by conventional initiator. Phan and coworkers33 also reported 
polymerization of n-butyl acrylate using MAMA-DEPN as the unimolecular initiator and a slight 
excess of the free nitroxide DEPN  and the conversion index showed a first order dependence on 
time. 
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An ideal system in NMP is the one where the concentration of transient radicals at any instance 
is at its lowest, thus limiting the undesired irreversible bimolecular termination. Thus from the 
expression of the equilibrium constant, Equation 2-5, for the reversible activation-deactivation 
reaction illustrated by Scheme 2-7, it is evident that for the equilibrium to be shifted more to the 
dormant species the equilibrium constant should be sufficiently small. This will allow for 
controlled growth of the polymer chains in a stepwise manner, where a unit or two are added on 
average per activation-deactivation cycle. 
 
2.2.6 The NMP Equilibrium Constant (K) 
The degree to which a nitroxide mediated polymerization system is controlled and the living 
character sustained/maintained is mainly dependent of the main NMP equilibrium (Scheme 1-4) 
governed the equilibrium constant K (Equation 2-5). As mentioned in Section 2.1, a high degree 
of control and living character is attainable for systems with sufficiently small values of the 
equilibrium constant. Systems with larger values of the equilibrium constant will lead to high 
concentration of transient radicals thereby leading to increased levels of irreversible bimolecular 
termination and as a consequence losing control and living character of the system.  
However, exceedingly small values of the equilibrium constant will lead to inhibition of the 
polymerization process or bring it to a complete halt at low monomer conversions  
(typically < 10%). The inhibition or halt at low monomer conversion is a result of the formation 
of a stable C―ON bond between the propagating radical and the nitroxide that cannot cleave at 
the polymerization temperature. Vinyl acetate is such a monomer which cannot be polymerized 
by NMP due to the stable C―ON bond of the dormant species, and thus the chains of poly(vinyl 
acetate) end capped with the nitroxide will not be re-activated.34, 35 
If one considers methyl methacrylate from the family of methacrylic esters, the polymerization 
mediated by TEMPO is unsuccessful due to the dominant disproportionation reaction between 
the transient radical and the nitroxide. In the case where the polymerization is mediated by 
DEPN (second generation nitroxide) such disproportionation reactions are negligible. However 
even in the absence of disproportionation reactions, the polymerization of methyl methacrylate 
mediated by DEPN is still uncontrollable. The lack of control in the latter case can be attributed 
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solely to the large equilibrium constant governing the reversible activation-deactivation reaction 
between the nitroxide and the transient radical.36, 37 As a result of a large equilibrium constant, 
irreversible bimolecular termination becomes the dominant fate of the high concentration of the 
transient radicals. 
Despite the difficulty in the nitroxide mediated polymerization of methyl methacrylate, the past 
few years have seen significant development towards this system. The polymerization of methyl 
methacrylate mediated by DEPN in the presence of a minimal amount of styrene or acrylonitrile 
has allowed the synthesis of well controlled polymers rich in methyl methacrylate by NMP.38-40 
 
2.2.7 Rate Constants of Activation 
One of the requirements for controlled radical polymerization is that initiation should be fast 
relative to the time of polymerization so as to allow polymer chains to start growing at the same 
time to give low polydispersity polymers. The knowledge of the decomposition rate of an 
alkoxyamine initiator is very important in giving a full kinetic description of a specific 
monomer(s) system. The alkoxyamine initiator can either be a model alkoxyamine compound or 
a preformed macro-alkoxyamine initiator. The preformed macro-alkoxyamines initiators are very 
important in the synthesis of block copolymers where mono- or di-functional model 
alkoxyamines can be used to prepare these precursors.20, 33, 41-43 Several methods have been used 
in the determination of activation rate constants of alkoxyamines and these include alkoxyamine 
homolysis in the presence of a radical scavenger.44-46 The second method for the determination 
of the activation rate constant, which is solely applied to macro-alkoxyamines is the SEC curve 
resolution method.16, 24, 47, 48 
The method of alkoxyamine homolysis in the presence of a radical scavenger has been 
undertaken where a different nitroxide or oxygen is used as the scavenger.45 In the case of a 
different nitroxide being used as a scavenger, monitoring the disappearance of the original 
alkoxyamine (Alk1) and the appearance of the new alkoxyamine (Alk2) by offline HPLC can 
enable the use of Equation 2-14 to obtain the activation rate constant 
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and from the knowledge that at any instant in the reaction  
 
ttt AlkAlkAlk ][][][ 2101 +==         (2-15) 
 
Therefore substituting Equation 2-15 into 2-14 results in the following expression45 
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Apart from the use of offline HPLC to determine alkoxyamine activation constant, quantitative 
ESR spectroscopy has also been used.44, 46 This is achieved by monitoring the concentration of 
the persistent radicals formed upon alkoxyamine homolysis in the presence of a radical 
scavenger such as oxygen and applying the following expressions  
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

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tknitroxidenitroxide dt =∞][][        (2-18) 
 
On the other hand, determination of activation rate constants of macro-alkoxyamine initiators 
using the SEC curve resolution method and SEC polydispersity method were introduced by 
Fukuda. In the curve resolution method, the concentration of the macro-alkoxyamine initiator is 
followed by SEC. Consider [P0−X]0 as the initial concentration of the macro-alkoxyamine 
initiator. Mixing the macro-alkoxyamine initiator with a precise amount of monomer and re-
initiating the polymerization for a specific time, the persistent radical species will cleave 
allowing the transient radicals to add monomer before transforming into dormant species again. 
The result is the formation of new dormant species of higher molecular weight that is 
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distinguishable in the SEC curve from the initial macro-alkoxyamine. Therefore if the 
concentration of the initial macro-alkoxyamine at any instant is defined by [P0 − X]t, the 
following first order expression can be written, 
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Thus following the concentration of [P0 − X] as a function of time using the area under the SEC 
curves enables the determination of the activation constant of the macro-alkoxyamine. Relatively 
easy as this method may seem, it is however quite difficult to resolve, quantitatively, the SEC 
curves of the dissociated and the non-dissociated fractions of the macro-alkoxyamine. A 
conventional radical initiator is added to the reaction medium to help improve the resolution 
between the SEC curves.  
Drache et al.23 reported an enhanced Fukuda’s SEC curve resolution method, in which good 
curve resolutions are obtained within the low molecular weight range, which is applicable also to 
low molecular weight model alkoxyamines. In this enhanced method by Drache et al., a very 
sensitive UV detector is made use of, to determine the concentration of the model alkoxyamine 
and that of the free nitroxide. To determine the activation constant, Equation 2-19 is used, but 
with model alkoxyamine concentrations instead of that of macro-alkoxyamine. 
 
2.2.8 Rate enhancement in NMP with the aid of additives 
The ideas behind the addition of additives such as camphor sulfonic acid49 to TEMPO-mediated 
polymerization of styrene were born to improve the rates of polymerization and shorten 
polymerization times which sometimes were in the order of days.49, 50 The additives have been 
applied mainly to systems mediated by TEMPO.49-51 The additive of choice has seemed to be 
camphor sulfonic acid,49-53 even though compounds like 2-fluoro-1-methylpiridinium p-
toluenesulfonate,50 anhydrides54 and certain organic acids55 have successfully improved the rate 
of TEMPO-mediated styrene polymerization. 
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Malmström et al.54 developed a new class of rate enhancing additives for use in nitroxide 
mediated polymerizations. The proposed explanation of the rate enhancement is that the 
reversible acylation of the nitrogen of the alkoxyamine induces a partial positive charge that 
results in the polarization of the N―O bond thus weakening the NO―C bond. In the light of the 
proposed explanation of the rate enhancement by Malmstöm et al.,54 the application of such a 
series acylating agents to the second generation nitroxide mediated polymerization of monomers 
such as vinyl acetate seems ideal35, in conjunction with further nitroxide development studies.  
 
2.2.9 The potential of NMP, advantages over other living systems and the drawbacks of the 
technique 
Relative to other polymerization techniques, NMP enjoys the benefits of being a relatively clean 
system. Copolymers produced by NMP need not undergo complicated purification processes like 
end group removal in RAFT to get rid of the sulphur moiety and the removal of the copper 
catalyst in ATRP. One disadvantage of NMP used to be the high polymerization temperatures 
required, but the development of new nitroxides and their respective alkoxyamine has opened a 
new window of endless possibilities towards low temperature polymerization in NMP. One such 
achievement comes at a price of course; the polymerization rates will be expected to be a bit 
lower at low temperatures. But a full understanding of the kinetic aspects coupled with 
mechanistic features of the technique can be of immense value in the achievement of the optimal 
conditions for different systems of commercial importance for future applications. With current 
development in new nitroxides coupled with the convenient ATRA method for alkoxyamine 
synthesis, polymers with desired chain ends can be achieved by use of an appropriate 
alkoxyamine. In the next chapters homopolymerization of styrene and n-butyl acrylate using the 
alkoxyamine MAMA-DEPN will be studied. Part of the information obtained from the 
homopolymerization will further be utilized, in trying to fully describe the copolymerization 
system of the same pair of monomers.  
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Chapter III: Nitroxide Mediated Homopolymerization of Styrene and n-Butyl Acrylate  
 
Synopsis 
 
This chapter deals with the concepts of nitroxide mediated 
homopolymerization of styrene and n-butyl acrylate as a building 
block towards the copolymerization reactions that are dealt with in 
Chapter V. A detailed outline for the synthesis of the nitroxide 
(DEPN) and corresponding alkoxyamine (MAMA-DEPN) is reported 
in this chapter. The use of MAMA-DEPN as an initiator in the 
polymerization of styrene and n-butyl acrylate is studied. The ideas 
behind the independent behaviour of the rate of polymerization as a 
function of initiator concentration in the case of n-butyl acrylate are 
dealt with and compared against the well-studied case of styrene.  
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3.1 Introduction  
3.1.1 Propagation and termination rate coefficients 
Prior to the study of the copolymerization reactions of styrene and n-butyl acrylate, it is essential 
to first look at the homopolymerization of the respective monomers mediated by nitroxides. For 
the homopolymerization reactions, it should be investigated whether the expression shown in 
Equation 2-13 holds and from the homopolymerization reactions of the respective monomers 
very important kinetic information can be obtained. Of particular interest are the 
homopropagation rate coefficient of the respective monomers, being styrene1 and n-butyl  
acrylate2 which can be expressed as follows, 
 
TRS
p ek ⋅
×−
=
3105.3263.710          (3-1) 
 
TRB
p ek ⋅
×−
=
3108.1733.710          (3-2) 
 
In the above expression R and T represent the gas constant (8.314 J·mol-1·K-1) and absolute 
temperature in Kelvin, respectively. Reliable propagation rate coefficients are obtained by pulsed 
laser polymerization (PLP), and Table 3-1 shows literature values of homopropagation rate 
coefficients for n-butyl acrylate obtained from PLP and the values obtained from Equation 3-2. 
Attention should be paid to the correlation of the values of kp at lower temperatures and the 
subsequent deviation at elevated temperatures. The applicability of the PLP technique for the 
study of propagation rate coefficient in n-butyl acrylate polymerization is generally limited to 
temperatures of about 20°C3 due to the contribution from the mid-chain radicals at higher 
temperatures. The formation of such mid-chain radicals and their effect on the polymerization 
kinetics are dealt with later in this chapter.  
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Table 3-1: Literature homopropagation rate coefficients of n-butyl acrylate at different 
temperatures 
Temperature 
(°C) 
Beuermann et al.4 
B
pk  /L mol-1 s-1 
(Generated from Equations 3-2) 
L mol-1
 
s-1 
10 12500 11 123 
30 16300 18 317 
50 20700 28 359 
 
Despite the temperature limitation of the PLP technique, Barner-Kowollik and co-workers have 
recently demonstrated the use of PLP at high pulse rates at temperatures up to 70 °C.2 
However, obtaining reliable homopropagation rate coefficient values for acrylate monomers can 
be quite a complicated task due to the fast propagating nature of such monomers. In addition to 
fast propagation, chain transfer to polymer is a well documented phenomenon for acrylates.5-7 
Degirmenci and coworkers8 carried out density functional theory (DFT) calculations and 
reported that for monomers such as 2-dimethylaminoethyl acrylate chain transfer played a major 
role in the inhibition of the polymerization process. On the other hand, Table 3-2 compares 
literature values of homopropagation rate coefficients for styrene with the values obtained from 
Equation 3-1. 
 
Table 3-2: Literature homopropagation rate coefficients of styrene at different temperatures 
Temperature (°C) Coote et al.9 
S
pk /L mol
-1
 
s-1 
Zammit et al.10 
S
pk /L mol
-1
 
s-1 
S
pk  (Generated from Equation 3-1)  
L mol-1
 
s-1 
17.9 62 60 62 
27.7 93 - 97 
37.6 117 136 146 
47.4 213 193 215 
57.2 275 290 309 
 
One other important kinetic parameter is the bimolecular termination rate coefficient kt, which 
can be taken from the existing values known from conventional free radical polymerization. It is 
well known that bimolecular termination is diffusion controlled. Thus using the Smoluchovski 
Equation,11-13 the termination rate coefficient can be estimated as  
 
B
pk
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( ) Ajijit NDDpk +⋅⋅= σpi2,         (3-3) 
 
where σ  is the capture radius of the termination reaction, p is the spin multiplicity factor, Di is 
the diffusion coefficient of the polymeric radical with chain length i and NA is Avogadro’s 
number.  The diffusion coefficient of the polymeric radical with chain length i can further be 
defined according to the expression14 
 
( )pw
i iDD
02.2664.0
0
+−
=          (3-4) 
 
where wp is the weight fraction of the polymer, and through this parameter it becomes clear that 
the diffusion coefficient is not only a function of chain length but also a function of viscosity. 
Equation 3-4 was first derived for methyl methacrylate and butyl methacrylate oligomers in 
methyl methacrylate and butyl methacrylate matrices, respectively for concentrations at which 
overlap starts. However, Equation 3-4 was found to hold for data obtained from styrene 
oligomers in a solution of polymer.13, 14  
In recent studies on termination kinetics, the description of termination rate coefficient as a 
function of continuously changing experimental conditions has been shown to be sufficiently 
described by composite models such as the one illustrated by Scheme 3-1. The power law 
expression illustrated by Equation 3-5 is then used for calculating the value of the termination 
rate coefficient depending on which regime of the composite model it corresponds to. 
 
iikk t
ii
t
α−
=
1,1,
          (3-5) 
 
where kti,i is the chain length dependent termination rate coefficient, kt1,1 is the termination rate 
coefficient for monomeric radicals (i.e. chain length of one), i is the chain length and αi is the 
chain length dependent exponent. Equation 3-5 is based on the assumption that the two 
terminating radicals are of approximately the same chain length. 
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Scheme 3-1: The log-log plot of the chain length dependent termination rate coefficient (kti, j) as 
a function of chain length (i), illustrating the generalized composite model for the termination 
process. The schematic also shows the chain length dependent exponents (αi) and the crossover 
chain lengths (iSL and igel). The corresponding value of the termination between two monomeric 
radicals (kt1,1) is also depicted. 
 
In the composite model, at chain lengths below iSL the termination is controlled predominantly 
by translational diffusion because of the relatively small sized polymer chain. In the chain length 
interval iSL < i < igel, the termination is controlled by segmental diffusion due to the 
conformations of the polymer chains, and at chain lengths above igel the termination is again 
controlled by translational diffusion. The study of termination kinetics for a series of monomers 
with the RAFT-CLD-T (Reversible Addition-Fragmentation Transfer–Chain Length Dependent–
Termination) method has been demonstrated in the literature.15-20 Junkers et al.15 reported the 
chain length dependent power law exponents for the polymerization of n-butyl acrylate 
determined via two independent methods as αS = 1.25 and αL = 0.22 via RAFT-SP-PLP 
(Reversible Addition-Fragmentation Transfer–Single Pulse–Pulsed Laser Polymerization) and αS 
= 1.04 and αL = 0.20 via RAFT-CLD-T. Recently, Barth et al.21 reported a different set of power 
law exponents for the polymerization of n-butyl acrylate studied via SP-PLP-ESR (Single Pulse–
Pulsed Laser Polymerization–Electron Spin Resonance). The reported short chain and long chain 
radicals’ power law exponents are 0.85 ± 0.09 and 0.16 ± 0.07, respectively. The major 
advantage attributable to the latter technique is the direct access to the concentration profiles of 
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both the secondary propagating radical and mid-chain radicals. The upper limit of the short chain 
radical exponent (αS) is one, which can be interpreted in terms of the centre of mass diffusion of 
rod-like species.21 On the basis of the description of the upper limit of the short chain radicals 
exponent, the interpretation of the value obtained for the same parameter via RAFT-CLD-T 
technique which is above unity becomes ambiguous. 
The SP-PLP-ESR method has also been used in the past for the study of termination kinetics of 
monomers22-26 other than n-butyl acrylate. 
 
3.1.2 Determination of the equilibrium constant 
The calculation of the equilibrium constant (K) in NMP requires both the knowledge of the 
activation rate coefficient and the deactivation rate coefficient of the alkoxyamine in question, as 
was first shown through Equation 2-5 in Chapter II. The theory behind the determination of the 
activation rate coefficient was dealt with in Chapter II. The nitroxide exchange reactions 27 and 
Fukuda’s SEC method28 were introduced for determining activation rate coefficients for model- 
and macro-alkoxyamines, respectively. To build up to the determination of the equilibrium 
constant, let us first consider a phenomenon called persistent radical effect (PRE) that was 
introduced by Fischer.29 The ideas behind the PRE theory were briefly introduced in the previous 
chapter. To improve on the PRE theory, Tang and coworkers30 re-evaluated the PRE theory, to 
expand the applicability of the PRE equations to high monomer conversions. To predict the 
concentration of the persistent radical species as a function of time, Tang et al.30 derived the 
following expression, 
 
[ ]
[ ] [ ] [ ]
[ ] [ ]
[ ] [ ] [ ]( )XXRXR
XXRXR
XXR
XR
tkK t −−−
−
−−
−+
−−
−
= 0
0
0
0
0
2
02 ln22
  (3-5) 
 
where K is the equilibrium constant, kt is the rate coefficient of termination, t is time, [ ]0XR −  is 
the initial alkoxyamine concentration and [ ]X  is the concentration of the persistent radical 
species. 
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Taking a look at the right hand side of Equation 3-5, it is clear that the only parameter that is not 
constant is the concentration of the persistent radical species, thus the right hand side can be 
written as a function of  in the form, 
 
[ ]( ) [ ][ ] [ ] [ ]
[ ] [ ]
[ ] [ ] [ ]( )XXRXR
XXRXR
XXR
XRXf −−−
−
−−
−+
−−
−
= 0
0
0
0
0
2
0 ln2
  (3-6) 
 
Therefore combining Equations 3-5 and 3-6, one can write  
 
[ ]( )XftkK t =22          (3-7) 
 
Hence plotting [ ]( )Xf  vs. time yields a first order plot, whereby  
 
tkKslope 22=          (3-8) 
 
Thus K can easily be deduced from Equation 3-8 with the knowledge of kt. In the application of 
this concept of the re-evaluated PRE theory for the determination of the equilibrium constant, 
Drache et al.31 used the SEC column combination method to follow the decline in the 
concentration of the model alkoxyamine and the increase in the concentration of the persistent 
radical species (nitroxide) in accordance with the PRE theory. In this SEC combination method, 
they employed one Ultrastyragel 100 Å and two Ultrastyragel 500 Å columns to improve on 
separation within low molecular weight ranges. In contrast to Fukuda’s SEC method,28 Drache et 
al.31 obtained quite good SEC peak resolution between the model alkoxyamine and the free 
nitroxide. Inserting the information obtained into Equation 3-5, Drache et al.31 obtained 
equilibrium constants of 7.5 x 10-9 mol/L and 1.08 x 10-8 mol/L for styrene polymerization 
controlled by TIPNO and BIPNO (Scheme 2-4), respectively. In addition to the equilibrium 
constant, Equation 2-14 was used to determine the dissociation rate coefficients of the respective 
alkoxyamine PhEt-TIPNO and PhEt-BIPNO and obtained 3.2 × 10-3 s-1 and 6.8 × 10-3 s-1, 
respectively. Therefore, with the knowledge of both the equilibrium constant and the dissociation 
[ ]X
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rate coefficient it is now possible to calculate the value of the deactivation rate coefficient kc via 
Equation 2-5. 
For interest’s sake, one might be interested in determining the crossover time (tcross) it takes for a 
nitroxide mediated system, to reach the stationary state. The expression for the crossover time 
from non-stationary to the stationary state is represented by Equation 3-9.32 
 
[ ]( )
2
3
2
122
3
0
i
t
cross
R
XRKk
t
−
=
        (3-9) 
 
where Ri is the rate of initiation and all other symbols retain their meaning described earlier. 
 
3.2 In situ 1H NMR spectroscopy: Analysis 
The NMR spectra were recorded with a 400 MHz Varian unity Inova spectrometer. The 1H NMR 
spectra were acquired with a 3µs (40°) pulse width and a 4 seconds acquisition time. For the in 
situ kinetic experiments, samples were first inserted into the magnet at 25 °C and the magnet 
completely shimmed on the sample and the spectrum collected to serve as reference at 25 °C. 
This was followed by removal of the sample from the magnet and the cavity of the magnet was 
then heated to 120 °C and allowed to stabilize before introducing the sample again into the cavity 
of the magnet at elevated temperature.  
Following the re-insertion of the sample, additional shimming was performed to acquire full 
optimum conditions and the first spectra were collected 3-7 minutes after the re-insertion. The 
phase correction of the spectra was performed automatically while baseline correction and 
integration of the spectra were carried out manually using ACD Labs 10.0 1H processor®.  
Figure 3-1 illustrates an array of spectra (1 ≤ δ (ppm) ≤ 8.5) during the polymerization of n-butyl 
acrylate at 120 °C as a function of polymerization time. Figure 3-2 shows the enlarged region 
labelled “B” in Figure 3-1 together with the chemical shift where the peaks for each of the vinyl 
protons appear. 
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Figure 3-2: The 1H NMR spectra (δ in the range 1 ppm to 8.5 ppm) at different times during the 
polymerization of n-butyl acrylate at 120 °C initiated by MAMA-DEPN in DMSO-d6. In the 
region labelled “B” are peaks due to the vinyl protons of n-butyl acrylate monomer and the peak 
labelled “A” is due to the –CHO proton of the reference (DMF). 
 
 
Figure 3-2: The enlarged region of the part labelled “B” in Figure 3-1 showing the spectral 
region of the vinyl protons of the n-butyl acrylate monomer, during the polymerization at 120 °C 
initiated by MAMA-DEPN in DMSO-d6 
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3.3 Synthesis of the alkoxyamine 2-methyl-2[N-tert-butyl-N-(1-diethoxyphosphoryl-2,2-
dimethoxypropyl)aminoxy]propionic acid (MAMA-DEPN) 
3.3.1 Experimental 
3.3.1.1 Chemicals 
Potassium cyanide (Merck, 97%), acetic acid (Saarchem), tert-butyl alcohol (ACE), sulphuric 
acid (Merck, 98%), hydrochloric acid (Merck, 37%), sodium hydroxide (Saarchem), isopropyl 
alcohol (Sasol), potassium carbonate (Merck, 99.5%), diethyl ether (Merck), pivalaldehyde 
(Fluka, ≥ 97%), diethyl phosphite (Acros Organics), dichloromethane (Merck), tetrahydrofuran 
(Kimix, CP grade), pentane, 2-bromo-2-methyl propionic acid (Aldrich), toluene (Merck), 
copper (I) bromide (Aldrich, 98%), copper (0) powder (Merck), N,N,N`,N``,N``-
pentamethyldiethylenetriamine (Aldrich, 99%), magnesium sulphate (Saarchem), ammonium 
chloride (Saarchem), boron trifluoride diethyl ether complex (Merck, 45% BF3) 
 
3.3.1.2 Procedures 
Tert-Butylamine hydrochloride 
 
 
 
Tert-butylamine hydrochloride was synthesized according to the modified procedure of Talaty 
and coworkers.33 To a round bottom flask equipped with a magnetic stirrer was charged KCN 
(20.0 g, 0.031 mol), glacial acetic acid (50 ml) and tert-butyl alcohol (22.7 g, 0.031 mol). To this 
mixture was slowly added, a mixture of concentrated H2SO4 (90 g) in glacial acetic acid (50 ml) 
and the reaction was allowed to proceed overnight. The reaction was stopped by slowly pouring 
the reaction mixture in ice cold distilled water (600 ml). The resultant solution was gradually 
neutralized with a NaOH solution (50 %), while maintaining the temperature at ∼0 oC and tert-
butyl formamide was extracted seven times with diethyl ether, followed by recovery of the 
formamide by removal of the solvent under vacuum. A mixture of tert-butyl formamide and 37% 
hydrochloric acid was then refluxed for 6 hours, followed by recovery under vacuum of tert-
OH NH
O
H+
HAc, H2SO4
H2O
KCN NH2 ClH.
HCl
∆
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butylamine hydrochloride salt which was then purified by recrystallization from isopropyl 
alcohol. (Yield ~ 85 %) 
 
Tert-Butylamine 
 
NH2 ClH. NH2
(i) NaOH
(ii) K2CO3
 
 
Recovery of the free tert-butylamine from the amine hydrochloride salt was carried out as 
described by Smith and coworkers.34 To an ice cold 40% solution of NaOH (8.5 ml) was added 
tert-butylamine hydrochloride (6.0 g, 56.3 mmol) with continuous stirring followed by addition 
of K2CO3 to saturate the solution allowing for the separation of the tert-butylamine layer. (Yield 
~ 65%) 
 
DEPN 
 
 
 
Synthesis of DEPN was achieved by employing the method invented by Guerret, O. and 
coworkers.35 Pivalaldehyde (3.41 g, 41 mmol) was degassed with nitrogen for 10 minutes 
directly followed by drop-wise addition of tert-butylamine (3.0 g, 41 mmol) at ambient 
temperature and the resultant mixture was allowed to react for two hours at 35 ºC. The reaction 
mixture was allowed to cool to room temperature followed by removal of the aqueous phase. To 
the organic phase (imine), diethyl phosphite (8.28 g, 60 mmol) was added drop-wise at 40 ºC and 
immediately followed by drop-wise addition of BF3·O(C2H5)2 complex (~1 ml). The reaction 
NH2
H
O HPO(OEt)2, BF3·O(C2H5) 
PAA, CH2Cl2, H2O
ON
P
O
O
O+
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mixture was heated and allowed to react at 60 ºC for one hour resulting in a colourless liquid (α-
aminophosphonate or DEPP). 
Peroxyacetic acid (PAA), dichloromethane and water were charged into a reactor and the 
mixture was neutralized to about pH 7.2 with 35 % K2CO3. The temperature was maintained at 
20 – 25 ºC and the crude DEPP was added drop-wise while maintaining the pH at about 7.2 and 
the resultant reaction mixture was allowed to react for one hour while continuously maintaining 
the pH at 7.2. The pH of the reaction mixture was brought to 8 at the end of the reaction by 
further addition of 35 % solution of K2CO3. The organic phase was recovered and washed three 
times with distilled water followed by removal of the solvent under vacuum to give DEPN (an 
orange liquid), which was then purified by silica gel chromatography (THF/CH2Cl2/pentane, 
1:1:2). (Yield ~ 60%) 
 
MAMA-DEPN (Alkoxyamine) 
 
 
 
Synthesis of MAMA-DEPN was carried out using a method reported by Couturier and 
coworkers.36 Under inert conditions a degassed solution of toluene (30 ml), 2-bromo-2-methyl 
propionic acid (3.34 g, 20 mmol) and DEPN (2.94 g, 10 mmol) was added to a mixture of 
degassed toluene (30 ml), CuBr (2.87 g, 20 mmol), copper powder (1.27 g, 20 mmol), 
N,N,N`,N``,N``-pentamethyldiethylenetriamine (PMDETA) (6.93 g, 40 mmol) and at ambient 
temperature with continuous stirring. The reaction mixture was allowed to react for 90 minutes 
under nitrogen atmosphere at ambient temperature, followed by removal of the solids by 
filtration. The toluene filtrate was washed five times with a saturated aqueous solution of NH4Cl 
and then dried over anhydrous MgSO4. The dried organic phase was obtained by filtration and 
the solvent was removed under vacuum and the resultant solid was washed with pentane to yield 
a white powdery product (MAMA-DEPN). (Yield ~ 70%) 
O
OHBr
O
OH
ON
P
O
O
O
ON
P
O
O
O +
CuIBr, Cu(0), PMDETA
Toluene
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Figure 3-3: 1H NMR spectrum of MAMA-DEPN. 
 
1H NMR (CDCl3) Spectral peak assignments of MAMA-DEPN in Figure 3-3, 
o δ 1.13 ppm (singlet, 9H on carbons 15, 21 and 22) 
o δ 1.23 ppm (singlet, 9H on carbons 17, 23 and 24) 
o δ 1.30-136 ppm (multiplet, 6H on carbons 4 and 7) 
o δ 1.59 ppm (singlet, 3H on carbon 18) 
o δ 1.77 ppm (singlet, 3H on carbon 13) 
o δ 3.40 ppm (doublet, 1H on carbon 9) 
o δ 3.97-4.36 ppm (multiplet, 4H on carbons 3 and 6) 
 
The mass spectrum (Figure 3-4) of the synthesized MAMA-DEPN was obtained using the 
Waters API Quattro Micro with an ESI+ source at 3.5 kV capillary voltage. The peaks at 382 and 
383 m/z are assigned to the alkoxyamine, and the peak at 295 m/z is assigned to the DEPN 
nitroxide fragment.  
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Figure 3-4: Mass spectrum of MAMA-DEPN. 
 
3.4 Homopolymerization of styrene and n-butyl acrylate  
3.4.1 Experimental 
3.4.1.1 Chemicals 
The alkoxyamine MAMA-DEPN was synthesized as described earlier in the chapter (Section 
3.3). Styrene (Plascon research center, University of Stellenbosch) was repeatedly washed with 
aqueous 10% NaOH to remove inhibitors, then with distilled deionised water, dried for several 
hours with anhydrous MgSO4 and distilled at 25°C under reduced pressure and stored at low 
temperatures. n-Butyl acrylate (Plascon research center, University of Stellenbosch) was washed 
repeatedly with aqueous 10% NaOH and distilled deionised water to remove inhibitors then 
distilled under vacuum and also stored at low temperatures. Deuterated dimethyl sulfoxide 
(DMSO-d6, Cambridge Isotope Laboratories, 99%) and dimethyl formamide (DMF, Sigma-
Aldrich) were used as received.  
 
3.4.1.2 Procedure for styrene and n-butyl acrylate homopolymerizations  
Styrene and n-butyl acrylate homopolymerizations were monitored via in situ 1H NMR 
experiments at 120°C in DMSO-d6. An internal reference (DMF) was added directly to the 
reaction mixture. A typical polymerization was conducted as follows; DMSO-d6 (0.3021 g, 
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3.867 × 10-3 mol), MAMA-DEPN (30.7 mg, 8.05 × 10-5 mol), n-butyl acrylate (0.2035 g, 1.588 × 
10-3 mol) and 20 µL of DMF (internal reference) were thoroughly mixed and introduced into a J-
Young type NMR tube. The sample was degassed by three freeze-pump-thaw cycles, followed 
by introduction of UHP nitrogen gas. The 1H NMR spectra were recorded on a 400 MHz Varian 
Unity Inova spectrometer. The 1H NMR spectra were acquired with a 3µs (40°) pulse width and 
a 4 seconds acquisition time. The NMR tube was first inserted into the magnet at 25 °C and the 
magnet fully shimmed on the sample and a spectrum collected to serve as reference at 25 °C. 
This was followed by removal of the sample from the instrument and the cavity of the magnet 
was then heated to 120 °C and allowed to stabilize before introducing the sample again into the 
cavity of the magnet. After re-insertion of the sample, additional shimming was performed to 
acquire optimum conditions. The first spectrum was acquired 3–5 minutes after the re-insertion, 
followed by periodic spectra acquisition every two minutes for 60 minutes. The phase correction 
was performed automatically while baseline correction and integration of the spectra were 
carried out manually using ACD Labs 10.0 1D 1H NMR processor®. Concentration profiles were 
constructed relative to a reference (DMF). 
The same procedure was followed for the case of styrene homopolymerization, but the reaction 
time was 150 minutes, with periodic acquisition of spectrum every 5 minutes.  
 
3.4.2 Results and discussion 
Styrene and n-butyl acrylate homopolymerization reactions were conducted at 120 °C and 
followed by in situ 1H NMR spectroscopy. Before the copolymerization reactions could be 
conducted, it was very important to look into the homopolymerization of the respective 
monomers under the chosen experimental conditions. Figures 3-5 and 3-6 illustrate the evolution 
of ln(1/(1-ξ)) as a function of time (conversion index plot) for both styrene and n-butyl acrylate 
homopolymerization conducted at 120 °C in DMSO-d6 with MAMA-DEPN as an 
initiator/mediator. 
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Figure 3-5: Evolution of ln(1/(1-ξ)) as a function of time for the homopolymerization of n-butyl 
acrylate in DMSO-d6 at 120 °C with MAMA-DEPN as the initiator/mediator agent. 
 
 
Figure 3-6: Evolution of ln(1/(1-ξ)) as a function of time for the homopolymerization of styrene 
in DMSO-d6 at 120 °C with MAMA-DEPN as the initiator/mediator agent. 
 
Fairly linear plots of the conversion index as a function of time were obtained in both cases of 
styrene and n-butyl acrylate homopolymerization. The −CHO proton of the dimethyl formamide 
at δ ∼ 7.95 ppm (in DMSO-d6) was used as a reference for the signal integration to determine the 
relative concentration of the species of interest. 
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3.4.3 Conclusion 
The polymerization reactions of styrene and n-butyl acrylate were successfully monitored via in 
situ 1H NMR spectroscopy. The conversion index plots for the polymerization of styrene and n-
butyl acrylate both showed a fairly linear evolution with polymerization time. However, in the 
case of styrene polymerization, a downward curvature is observed indicative of a reduction in the 
rate of polymerization at higher monomer conversion. Due to the labile nature of the C-ON bond 
of the MAMA-DEPN alkoxyamine, it is prone to spontaneous decomposition even at ambient 
temperature. Thus the alkoxyamine can contain traces of the free nitroxide, leading to deviation 
from expected behaviour as would be predicted by the PRE theory. 
 
3.5 The Persistent Radical Effect (PRE) Theory: Experimental validity 
The theory behind the PRE was introduced earlier in Chapter II (Section 2.2.5.1), and this 
section will briefly look at the validity of the theory in styrene homopolymerization. In the 
absence of free nitroxide, the conversion index is expected to show a two-thirds order 
dependence on time and one-third order dependence on the alkoxyamine concentration according 
to Equation 2-13. In reality, there is no alkoxyamine based NMP system that can be regarded as 
completely nitroxide free, due to the fact that alkoxyamine can decompose resulting in the 
presence of free nitroxide, regardless of how minute the quantity may be. In this case a nitroxide 
free system implies a system where no additional free nitroxide has been intentionally added. In 
this section the PRE theory is tested for the homopolymerization of styrene using a preformed 
DEPN end capped polystyrene (PS-DEPN) macro-alkoxyamine. 
 
3.5.1 Experimental 
3.5.1.1 Chemicals 
The alkoxyamine MAMA-DEPN was synthesized as described earlier (Section 3.3). Styrene 
(Plascon research center, University of Stellenbosch) was washed with aqueous 10% NaOH to 
remove inhibitors, then with water, dried for several hours with anhydrous MgSO4 and distilled 
at 25°C under reduced pressure and stored at low temperatures. Deuterated dimethyl sulfoxide 
(DMSO-d6, Cambridge Isotope Laboratories, 99%) and dimethyl formamide (DMF, Sigma-
Aldrich) were used as received.  
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3.5.1.2 Macro-initiator synthesis 
In contrast to the styrene and n-butyl acrylate homopolymerization reaction procedures described 
in Section 3.4 in which homopolymerization reactions were carried out in a J-Young type NMR 
tube, the PS-DEPN macro-initiator synthesis was carried out in a Schlenk flask. In a typical 
synthetic procedure for the macro-initiators, monomer (5.0 g of Styrene), and MAMA-DEPN 
(100 mg, 0.262mmol) were thoroughly mixed in a 100 ml Schlenk flask. The sample mixture 
was then degassed by three freeze-pump-thaw cycles and UHP nitrogen gas introduced. The 
mixture was placed in a preheated oil bath, thermostated at 120 °C. After 45 minutes, the 
reaction mixture was quenched in liquid nitrogen followed by precipitation of the polymer in 
excess of chilled methanol. The synthesized macro-initiator was then re-dissolved and re-
precipitated twice to ensure removal of free DEPN before completely drying.  
 
3.5.1.3 Procedure styrene polymerization  
An accurately weighed quantity of the macro-alkoxyamine (PS-DEPN) was dissolved in 
monomer (Styrene) and DMSO-d6 followed by thorough mixing and the mixture introduced in a 
J-Young type NMR tube. 25µL of DMF were added to serve as an internal reference. The 
sample was degassed by three freeze-pump-thaw cycles and UHP nitrogen atmosphere 
introduced. The in situ polymerization reaction was carried out as previously described for 
homopolymerization reactions (Section 3.4.1.2). In a typical experiment, 52.5 mg of PS-DEPN 
(Mn = 3490 g mol-1 by SEC), 0.3041 g styrene and 0.3595 g DMSO-d6 were thoroughly mixed 
with acquisition of the first spectrum 4 minutes 13 seconds after insertion of the sample at 
120°C. The reaction was allowed to run for two and a half hours acquiring spectra every five 
minutes. 
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Figure 3-7: Molecular weight distribution of the DEPN end capped polystyrene  
macro-alkoxyamine (PS-DEPN). 
 
Figure 3-7 shows the SEC chromatogram of the DEPN end capped polystyrene macro-initiator 
with a narrow molecular weight distribution. 
 
 
Figure 3-8: The 1H NMR spectrum of the DEPN end capped polystyrene (PS-DEPN) with the 
insert showing the doublet signal of the proton attached to the α-carbon of the end group DEPN. 
 
Figure 3-8 illustrates the 1H NMR spectrum of the preformed polystyrene based  
macro-alkoxyamine, with the insert showing the doublet of the α-proton on the nitroxide moiety 
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end capping the polymer. The 25.92 Hz splitting of the α-proton signal is in good agreement 
with the splitting observed for the DEPN based alkoxyamine. 
 
3.5.2 Results and discussion 
If the PRE theory is valid for a system, the plot of the conversion index as a function of 32t  
should yield a straight line in accordance with Equation 2-13. Figures 3-9 and 3-10 illustrate the 
plots of conversion index as a function of time (t) and 32t , respectively. It is evident that the plot 
of conversion index as a function time is not linear (Figure 3-9). The two-thirds order 
dependence of the conversion index on time observed is thus in accordance with the expected 
behaviour for a PRE governed system, where a unimolecular initiator is employed. In the case of 
a macro-alkoxyamine as in the case of PS-DEPN, the amount of free nitroxide can be highly 
minimized by several cycles of re-dissolving and re-precipitating the polymer. The spontaneous 
decomposition of the macro-alkoxyamine is also not as likely to occur as in the case of a model 
alkoxyamine like MAMA-DEPN, basically due the difference in their values of the dissociation 
rate coefficients. The model alkoxyamine (MAMA-DEPN) with a higher kd will suffer a great 
degree of spontaneous decomposition relative to the macro-alkoxyamine with a lower value of 
the dissociation rate coefficient at ambient temperature. 
 
 
Figure 3-9: Evolution of ln([M]0/[M])) as a function of time for the homopolymerization of 
styrene in DMSO-d6 initiated by PS-DEPN at 120 °C. 
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Figure 3-10: Evolution of ln([M]0/[M])) as a function of t2/3 for the homopolymerization of 
styrene in DMSO-d6 initiated by PS-DEPN at 120 °C. 
 
The plot of conversion index as a function of 32t  (Figure 3-10) shows a fairly linear plot, thus 
proving the validity of the PRE. With the knowledge of the dissociation rate coefficient (kd) of 
the macro-alkoxyamine (e.g. PS-DEPN), the PRE theory can be used to determine the 
equilibrium constant (K) thus enabling the determination of the combination rate coefficient (kc).  
 
3.5.3 Conclusion 
In accordance with the PRE theory, the polymerization of styrene using a PS-DEPN macro-
alkoxyamine yielded a conversion index that showed a two-third order dependence on time. The 
evolution of the conversion index with time, showed a non linear profile with a downward 
curvature as polymerization time increased. Therefore, the concept of the persistent radical effect 
has been illustrated for the polymerization of styrene. 
The applicability of the PRE theory to the polymerization of n-butyl acrylate using a macro-
alkoxyamine of DEPN capped poly(n-butyl acrylate) (PBA-DEPN) was not conducted in this 
study due to the difficulty associated with the handling and purification of low molecular weight 
poly(n-butyl acrylate). The purification of the macro-alkoxyamine is a crucial process since all 
(or most) of the free nitroxide should be removed from the pre-formed macro-alkoxyamine. 
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3.6 Systematic study of the effect of varying the alkoxyamine concentration in styrene and 
n-butyl acrylate homopolymerization reactions 
The effect of alkoxyamine concentration on the polymerization of styrene is of particular interest 
because of the pronounced thermal auto-initiation of the monomer at elevated temperatures. It 
would be expected that in the polymerization of styrene initiated by an alkoxyamine, the rate of 
polymerization would increase with increasing concentration of the alkoxyamine. In contrast 
with this expectation, Catala37 reported that the rate of polymerization of styrene was 
independent of the concentration of the alkoxyamine. The authors then attributed this 
observation to the aggregation of dormant species that possess a high degree of association. 
However, Greszta and Matyjaszewski38 re-evaluated the report by Catala37 and reached a 
conclusion that thermal auto-initiation of styrene was the responsible factor for the observed 
phenomenon. The conclusion reached by Greszta and Matyjaszewski38 meant that thermal auto-
initiation was accountable for the production of the majority of the propagating radicals. Fukuda 
et al.39 also reported the independence of the polymerization rate on the initial concentration of 
the alkoxyamine for the nitroxide mediated styrene polymerization, with TEMPO as the 
mediator. The polymerization rate of the nitroxide mediated styrene polymerization was 
observed to be equal to the polymerization of the alkoxyamine free system, which can be 
explained in terms of thermal auto-initiation of styrene. Gray et al.40 reported the effect of initial 
alkoxyamine concentration on the limitations of preparation of controlled high molecular weight 
polystyrene via unimolecular nitroxide mediated polymerization. In the case where polystyrene 
macro-initiator was used to polymerize styrene, the effect of thermal auto-initiation of styrene 
resulted in approximately constant conversion as a function of the alkoxyamine concentration. 
Kruse et al.41 reported modeling studies of nitroxide mediated styrene polymerization, indicating 
the importance of the thermal auto-initiation of styrene in fitting the simulated data to the 
experimental data. To test the general applicability of the theory drawn from results reported by 
Catala,37 Gray et al.40 and Kruse et al.41 an investigation was conducted by Schulte42 on the effect 
of varying alkoxyamine concentration for three NMP systems of styrene. The results obtained 
from this study indicated that for highly efficient alkoxyamines at high concentrations (≥ 0.5 mol 
%) only a slight decrease in conversion was observed with decreasing alkoxyamine 
concentrations. On the other hand, at low alkoxyamine concentrations (≤ 0.1 mol %), the 
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conversion obtained for an efficient alkoxyamine were below those obtained for styrene auto-
polymerization. However, conversion values in the region of those obtained for styrene auto-
polymerization were observed when alkoxyamine with quite small values of K (< 10-11 M) were 
used in the styrene polymerization. Thus, according to Schulte, the use of low concentrations of 
highly efficient alkoxyamines in styrene polymerization results in the retardation of the 
polymerization process. Part of this work will involve the investigation of the effect of the initial 
concentration of the alkoxyamine on the kinetics of styrene and n-butyl acrylate polymerizations. 
 
3.6.1 Experimental 
3.6.1.1 Chemicals 
The alkoxyamine MAMA-DEPN was synthesized as described earlier (Section 3.3). Styrene 
(Plascon research center, University of Stellenbosch) was repeatedly washed with aqueous 10% 
NaOH to remove inhibitors, then with distilled deionised water, dried for several hours with 
anhydrous MgSO4 and distilled at 25°C under reduced pressure and stored at low temperatures. 
n-Butyl acrylate (Plascon research center, University of Stellenbosch) was washed repeatedly 
with aqueous 10% NaOH and distilled deionised water to remove inhibitors, dried for several 
hours with anhydrous MgSO4 and then distilled under vacuum and stored at low temperatures. 
Deuterated dimethyl sulfoxide (DMSO-d6, Cambridge Isotope Laboratories, 99%) and dimethyl 
formamide (DMF, Sigma-Aldrich) were used as received. 
 
3.6.1.2 Procedure 
The polymerizations were carried out as previously described in Section 3.4.1.2. 
 
3.6.2 Results and Discussion 
The evolution of conversion (ξ [-]) with polymerization time as a function of the initial 
concentration of the alkoxyamine in the case of styrene polymerization is presented in Figure 3-
11. Figure 3-12 depicts the evolution of the conversion index with time in the polymerization of 
n-butyl acrylate at different initial concentration of the alkoxyamine initiator.  
In both styrene and n-butyl acrylate polymerization it was observed that there was apparent 
independence of the rate of polymerization on the initial concentration of the alkoxyamine. 
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Figure 3-11: The evolution of conversion (ξ [-]) as function of the initial concentration of the 
alkoxyamine for the polymerization of styrene in DMSO-d6 at 120°C. 
 
The conversion versus time profiles for the styrene homopolymerization show no apparent 
dependence of the rate of polymerization on the initial concentration of the alkoxyamine is 
indicative of the fact that thermal auto-initiation at high temperatures is dominant, overcoming 
the effect of the initial alkoxyamine concentration.  
The independence of rate of polymerization towards the initial alkoxyamine/initiator 
concentration in the case of styrene has been extensively studied before and well reported in the 
literature.37-42 In the case of styrene it is well accepted that the apparent independence of the rate 
of polymerization as a function of initiator concentration can be explained by the significant 
thermal auto-initiation of the styrene monomer. Could the same explanation be applicable in the 
case of n-butyl acrylate polymerization with MAMA-DEPN? If indeed thermal auto-initiation 
plays a role in the observed phenomenon, conducting the polymerization at lower temperatures 
would result in a system with minimal contribution from thermal auto-initiation. 
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Figure 3-12: Semi-logarithmic plot for n-butyl acrylate polymerization initiated with different 
initial alkoxyamine concentrations in DMSO-d6 at 120 °C. 
 
Thus, this would allow the effect due to the initial concentration of the alkoxyamine to be 
pronounced in the kinetic profiles. Figure 3-13 depicts the evolution of monomer conversion as a 
function of time in the polymerization of n-butyl acrylate conducted at 100 °C. No apparent 
effect was observed that could be attributed to the initial concentration of the alkoxyamine. 
 
 
Figure 3-13: Conversion versus time plots for n-butyl acrylate polymerization initiated with 
different initial alkoxyamine concentrations in DMSO-d6 at 100 °C. 
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The consistency with temperature of the apparent independence of the rate of polymerization, 
within the temperature range studied suggested that the explanation of the observed phenomenon 
is not conclusively attributable to thermal auto-initiation as in the case of styrene. This 
independence of rate within the temperature range studied could be indicative of an underlying 
mechanistic feature apart or in addition to thermal auto-initiation. 
With the observed independence of rate on initiator concentration, it is important to further 
assess quantitatively the possible contribution of thermal auto-initiation to the observed 
phenomenon. When neat n-butyl acrylate was degassed and immersed in an oil bath at 120°C, 
the system gelled within minutes. However, in the presence of TEMPO (0.02 mol %), without 
added initiator no polymer formed even after 48 hours at 100°C. The C-ON bond between the n-
butyl acrylate derived radical and TEMPO would be expected to be stable enough to allow 
complete consumption of TEMPO by thermally initiated monomer derived radicals. The system 
would then be expected to behave as in the case of neat n-butyl acrylate after all or most of the 
TEMPO is consumed. Contrary to the expected results, over the whole range of TEMPO to n-
butyl acrylate mole ratios studied, no polymer formed. In situ 1H NMR experiments were then 
conducted to follow in real time the rate of monomer consumption in the presence of DEPN 
without initiator at 120°C.  
 
 
Figure 3-14: The evolution of n-butyl acrylate concentration with time for thermally initiated 
polymerization in DMSO-d6 in the presence of 4.52 × 10-02 mol L-1 free DEPN at 120 °C. 
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Figure 3-15: The evolution of n-butyl acrylate conversion with time for thermally initiated 
polymerization in DMSO-d6 in the presence of 5.30 × 10-02 mol L-1 free DEPN at 120 °C. 
 
Figure 3-14 illustrates the evolution of the relative monomer concentration with time, for which 
free DEPN added was equivalent to DEPN derived from a unimolecular experiment for which 
8.94 mg of the MAMA-DEPN alkoxyamine was employed. No significant consumption of n-
butyl acrylate is observed and analysis of the 1H NMR spectra did not reveal peaks characteristic 
of poly(n-butyl acrylate). The experimental setup were similar to the previously described in situ 
1H NMR homopolymerization of n-butyl acrylate with MAMA-DEPN, and with everything kept 
similar, the MAMA-DEPN was replaced with DEPN. The polymerization of n-butyl acrylate in 
the presence of free DEPN was repeated with polymerization time increased to five hours 
(Figure 3-15). Figure 3-15 shows the evolution of monomer conversion with polymerization 
time, and only after ca. 2½ hours does significant monomer consumption occur. Nonetheless the 
monomer consumption occurs at a rate far less than in a system with a radical initiator.  
To quantify the thermal auto-initiation of n-butyl acrylate, Scheme 3-2 is considered. At early 
reaction times, reactions (4) and (5) from Scheme 3-2 can be considered negligible.  
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Scheme 3-2: Schematic representation of thermally initiated n-butyl acrylate (M) polymerization 
in the presence of a free nitroxide (Y).  
 
Due to the large excess of free DEPN at these early reaction times, the thermally generated 
radicals (reaction (1)) will react mainly according to reactions (2) and (3). In this time regime 
where propagation and termination reactions are negligible, the rate of consumption of the 
monomer can be defined by Equation (3-10) which upon integration yields Equation (3-11). 
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The plot of the left hand side of Equation (3-11) with time yields a straight line (Figure 3-16) 
whose slope must equal the rate coefficient of thermal auto-initiation in the case where 
propagation and termination reactions are negligible. The deviation from linearity will signify 
the occurrence of propagation and termination reactions. The data obtained via in situ 1H NMR 
will be subject to scatter due to the minute difference in monomer concentration being measured, 
thus care should be exercised in the treatment of data. The rate coefficient of thermal  
auto-initiation (kthrm = 3.54 × 10-07 L mol-1 s-1) extracted from Figure 3-16 was in good 
agreement with kthrm = 1.578 × 10-07 L mol-1 s-1 determined from the Arrhenius parameters 
reported by Rantow et al.43 at 120 °C. 
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Figure 3-16: The plot of the negative inverse monomer consumption with time (■) in the linear 
range with the solid line as the linear fit to the data with a slope = 3.54 × 10-07 L mol-1 s-1 and 
adjusted R2 = 0.87. [n-butyl acrylate] = 3.12 mol L-1 and [DEPN] = 0.0452 mol L-1 at 120 °C 
with DMSO-d6 as the solvent. 
 
The rate coefficient of thermal auto-initiation determined in this work at 120 °C is approximately 
an order of magnitude less than that of styrene.44 Thermal auto-initiation in the case of high 
temperature n-butyl acrylate polymerization does occur, but cannot be the sole cause of the 
observed phenomenon of rate independence towards initiator concentration.  
Thus to try explain the phenomenon reported in this work, a thorough consideration of the co-
existence of the secondary propagating radicals and mid-chain radicals, and their implications on 
the kinetics and mechanistics of the system with regard to varying initial alkoxyamine 
concentration is considered. In Chapter IV a further attempt to address the matter of the  
co-existence of the mid-chain radicals and secondary propagating radicals in the presence of a 
persistent radical species will be made from a theoretical point of view.  
Before explaining the observed phenomenon, the matter of the co-existing radicals in the case of 
n-butyl acrylate should further be expanded on. Acrylate type monomers show more complex 
behaviour in their polymerization mechanistic and kinetic features relative to other vinyl 
monomers such as styrene. Deviations from ideal behaviour with respect to polymerization 
kinetics have previously been reported in the literature, with monomer reaction orders ranging 
from 1.4 to 1.8.45 n-Butyl acrylate can undergo chain transfer to monomer and/or polymer. The 
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former restricts the molar mass and the latter results in branched polymer structures. Chain 
transfer to polymer can occur either intermolecularly or intramolecularly.45 Intermolecular chain 
transfer involves transfer of a radical reactive site from a chain end position of a growing 
polymer chain to a mid-chain position of another polymer chain by hydrogen abstraction.  
 
 
Scheme 3-3: The intramolecular chain transfer to polymer via the 1,5-hydrogen shift from the 
antepenultimate unit resulting in the transformation of a secondary propagating radical (SPR) 
into the mid-chain radical (MCR) at a rate determined by the rate coefficient of backbiting ( bbk ). 
 
Intramolecular chain transfer (so-called backbiting) occurs by hydrogen abstraction from a unit 
in the proximity (the antepenultimate unit) of the propagating radical, via the formation of an 
intermediate six-membered ring structure (Scheme 3-3).46 Intramolecular chain transfer is 
governed by the rate coefficient of backbiting ( bbk ). It should however be noted that 
intramolecular chain transfer can occur at any position in the polymer backbone with slightly 
different governing rate coefficients. However, the most probable and more favoured position is 
on the third unit from the chain end radical via the intermediate six membered ring structure.46 
Thus bbk  can be assumed within good approximation as the sole rate coefficient of 
intramolecular chain transfer. The result of the chain transfer to polymer process is the 
transformation of secondary propagating radicals (SPRs) into tertiary mid-chain radicals 
(MCRs). Intramolecular chain transfer has been reported as the main cause for the branched 
structure of poly(n-butyl acrylate) prepared via nitroxide mediated polymerization in bulk and 
mini-emulsion polymerization.47 The MCRs exhibit a higher level of stability relative to the 
SPRs and as a result tend to add monomer at a rate an order of magnitude lower than the rate at 
which monomer is added to the SPRs.7, 48 Scheme 3-4 shows the formation of the MCR from a 
SPR together with the possible reactions the MCR can undergo. Thus due to the chain transfer 
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process and the possible reaction pathways the MCRs can undergo, the result is a system with 
two distinct co-existing transient radical species. 
Two types of transient radicals exist in the system, i.e. the SPRs and MCRs, with pk  and 
t
pk  as 
their respective propagation rate coefficients. The average propagation rate coefficient ( avpk ) can 
be defined by the weighted average of the propagation rate coefficients of the SPRs and MCRs. 
If θ is defined as the fraction of MCRs in the system, and if )(lim 0 θθ f→ , then pavp kk → , while 
on the other hand if )(lim 1 θθ f→ , then tpavp kk → . From the analytical expressions derived by 
Nikitin,7, 49, 50 the rate of polymerization ( pR ) can be expressed by Equation 3-12.  
 
])[]]([[ PQMkR avpp +=         (3-12) 
 
The fraction of MCRs, which is temperature dependent,51, 52 should have a strong influence on 
pR , due to the large difference between pk  and 
t
pk . The effect of the polymerization temperature 
on the ratio of SPRs to MCRs will thus tend to have a larger influence on the apparent average 
rate of propagation, relative to the effect of the initial concentration of the alkoxyamine. In the 
expression for the rate of polymerization (Rp), [M], [Q] and [P] represent concentrations of 
monomer, MCRs and SPRs, respectively. In the case of n-butyl acrylate, the main factors that 
affect θ are backbiting, ß-fragmentation and addition of monomer to the MCR. These processes 
are illustrated in Scheme 3-4. The rate coefficients of these three processes, bbk , βk and tpk , 
respectively, can all be represented by Arrhenius expressions.7, 43 The reaction pathways 
(Scheme 3-4) that will determine the fate of MCRs include (i) addition of monomer to the MCR 
(which will transform the MCRs to SPRs with a short branch chain) at a rate determined by tpk , 
(ii) ß-fragmentation, which will result in the formation of an SPR and a chain bearing a  
1,1-disubstituted alkene end group at a rate determined by the rate coefficient of β-fragmentation  
( βk ), and (iii) termination with either an SPR or another MCR at rates determined by ttk  and tttk , 
respectively.21, 53 
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Scheme 3-4: Formation of mid-chain radicals (MCRs) from secondary propagating radicals 
(SPRs) via backbiting and the subsequent transformation of the MCR to SPR via  
ß-fragmentation and monomer addition. 
 
In addition to the re-generation of the SPR, ß-fragmentation also result in chains bearing the  
1,1-disubstituted alkene end group. According to the work of Chiefari6 on the synthesis of 
macromonomers via chain transfer to polymer, the 1,1-disubstituted alkene end group can be 
identified by the signal at δ ~ 5.5 ppm. Figure 3-17 shows a signal increasing with 
polymerization time at δ ~ 5.5 ppm identified as due to one of the protons of the 1,1-disubstituted 
alkene end group resulting from the ß-fragmentation of the MCR. The second peak expected at  
δ ~ 6.1, due to the second vinyl proton of the 1,1-disubstituted alkene end group could not be 
observed due to overlap with the signal of the monomer proton labelled 2H in Figure 3-2. 
The n-butyl acrylate polymerization reactions initiated by MAMA-DEPN were also carried out 
at 90 °C, 100 °C and 110 °C. A proton signal at δ ~ 5.5 ppm was not observed at 90 °C and  
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100 °C, implying that the concentration of species bearing 1,1-disubstitued alkene end group 
could be below the detection limit of the NMR spectrometer. However at 110 °C, the signal at  
δ ~ 5.5 ppm due to one of the protons of the 1,1-disubstituted alkene end group was observed at 
high monomer conversion (Figure 3-18). At 110 °C, the species bearing the 1,1-disubstituted 
alkene end group accumulate with polymerization time and only at higher monomer conversion 
is the concentration of the species above the threshold detection value of the NMR instrument. 
 
 
Figure 3-17: 1H NMR spectra at different reaction times illustrating the increasing intensity of 
the peak at around δ ~ 5.5 ppm that is due to an increasing concentration of 1,1-disubstituted 
alkene end groups as a result of β-fragmentation of the MCRs in the polymerization of n-butyl 
acrylate at 120 °C with [MAMA-DEPN]o = 0.156 M, [n-butyl acrylate]o = 3.0 M and DMSO-d6 
= 65 % v/v. 
 
Thus Figures 3-17 and 3-18 indicate the existence of polymer chains bearing the  
1,1-disubstituted alkene end group at 120 °C and 110 °C, respectively. However, no 1H NMR 
evidence could be found at 100 °C and temperatures below. The absence of such evidence should 
not be used to draw a conclusion that β-fragmentation is non-existent or insignificant. Several 
studies in the literature54-56 have reported on the presence of the polymer chains bearing the  
1,1-disubstituted alkene at temperatures lower than 100°C. 
Figure 3-19 shows the evolution of the concentration of the species bearing the 1,1-disubstituted 
alkene end group with polymerization time. The concentration profile depicts that the overall rate 
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of accumulation of the alkene bearing species is constant. The most likely explanation for the 
observed phenomenon is a constant rate of β-fragmentation.  
 
 
Figure 3-18: The 1H NMR spectrum taken after 2 hours of polymerization of n-butyl acrylate at 
110 °C with [MAMA-DEPN]o = 0.1494 M, [n-butyl acrylate]o = 3.0 M and DMSO-d6 = 65 % 
v/v. The insert shows the expanded region in the range 6.0 > δ (ppm) > 5.0 with the marked 
peak, labelled A, assigned to one of the protons of the 1,1-disubstituted alkene end group 
resulting from the β-fragmentation of the MCRs. 
 
Alternatively, but less likely, the constant rate of accumulation of the species bearing the  
1,1-disubstituted alkene end group might be the result of a balance of two processes, namely the 
generation of the species and their incorporation in the growing polymer chain.57, 58 
The implication of the latter process is that in addition to the formerly mentioned modes of 
generation of the MCRs, the incorporation of the species bearing the 1,1-disubstituted alkene end 
group would also result in the formation of MCRs.  
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Figure 3-19: The evolution of concentration of 1,1-disubstituted alkene end group vs. 
polymerization time during n-butyl acrylate polymerization at 120 °C with [MAMA-DEPN]o = 
0.156 M, [n-butyl acrylate]o = 3.0 M and DMSO-d6 = 65 % v/v. 
 
Figure 3-20 shows the effect of the initial alkoxyamine concentration on the concentration 
profiles of the species bearing the 1,1-disubstituted alkene end group as a function of monomer 
conversion. It can be observed that the concentration profiles are independent of initial 
alkoxyamine concentration. This means that there is a constant rate of β-fragmentation, 
independent of initial alkoxyamine concentration. This observation is in agreement with the 
constant rate of polymerization as observed in Figure 3-12. 
If the process of the incorporation of the 1,1-alkene species in the growing polymer is assumed 
negligible, the differential describing the concentration of the species bearing the 1,1-alkene end 
group with time can be expressed by Equation 3-13 which upon integration yields Equation 3-14. 
It should be noted that Equation 3-14 is valid only for a constant concentration of MCRs. 
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The linear evolution with time of the species bearing the 1,1-alkene end group as a result of  
β-fragmentation observed in Figure 3-19, is in agreement with the first order dependence 
predicted by Equation 3-14. The linear evolution can be used to estimate whether the 
incorporation of the species bearing the 1,1-alkene end group in the growing polymer is 
negligible or not. In the case where the incorporation of the species bearing the 1,1-alkene end 
group is significant, a deviation from linearity of the profile in Figure 3-19 would be expected. 
The gradient of the linear plot in Figure 3-19 can then be related to the concentration of the  
mid-chain radicals in the system with the knowledge of the β-fragmentation rate coefficient.  
 
 
Figure 3-20: The evolution of relative concentration of 1,1-disubstituted alkene end group vs. 
monomer conversion during n-butyl acrylate polymerization at 120 °C for different initial 
concentrations of the alkoxyamine MAMA-DEPN. [n-butyl acrylate]o = 3.0 M and DMSO-d6 = 
65 % v/v. 
 
The constant rate of polymerization observed is synonymous with a constant concentration of 
propagating radicals, which would translate to overall propagating radicals (mid-chain and 
secondary propagating radicals) in the case of n-butyl acrylate polymerization. This constant 
concentration of overall radicals leads to constant concentration of mid-chain radicals and hence 
(at a fixed temperature) to a constant increase in the species bearing the 1,1-alkene end group 
(Figure 3-19).  
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A stationary concentration of the mid-chain radicals is thus maintained that is similar in the 
range of the initial alkoxyamine concentration studied as illustrated by Figure 3-20. The fraction 
of MCR is known to be temperature dependent.51 Figure 3-13 in conjunction with Figure 3-20 
and Equation 3-14 would further suggest that a similar steady state concentration of MCR is 
attained in all experiments undertaken. It would then seem logical to think that the concentration 
of SPR is also similar. However, thorough considerations of the reactions the mid-chain radicals 
undergo, including the reversible deactivation with the nitroxide, are described in Chapter IV. 
The effect of thermal auto-initiation and the equilibrium involving the mid-chain radicals on the 
kinetics of n-butyl acrylate polymerization are assessed in Chapter IV via modelling of the 
system with the Predici software package. 
 
3.6.3 Conclusion 
The unimolecular nitroxide mediated homopolymerization of both styrene and n-butyl acrylate 
using the alkoxyamine MAMA-DEPN has shown that the rate of polymerization is independent 
of the initial concentration of the alkoxyamine. In the case of styrene, the independence is well in 
agreement with previous literature reports on the same subject. This phenomenon of the rate 
independence on initiator concentration has been explained in terms of the pronounced thermal 
auto-initiation in the polymerization of styrene. However, in the case of n-butyl acrylate, where 
thermal initiation is not expected to be that significant, the issue of the rate independence has not 
been addressed in the literature to date, to the best of our knowledge. The nature of the 
complexity of the system with two distinct co-existing transient radicals has complicated matters 
in the complete quest of understanding the kinetics and mechanistic features of acrylate type 
polymerization systems. At this point, no cause can be singled out attributable to the observed 
behaviour in n-butyl acrylate polymerization. But the co-existence of the two types of transient 
radicals and their temperature dependence is believed to have an effect to some extent on the 
observed phenomenon.  
 
3.7 Summary 
Unimolecular nitroxide mediated homopolymerization reactions of styrene and n-butyl acrylate 
were conducted successfully. The persistent radical effect theory was validated in the case of 
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styrene polymerization at 120 °C using a DEPN end capped polystyrene macro-alkoxyamine as 
initiator. In line with literature, the rate of polymerization in the case of styrene showed no 
apparent dependence on the initial concentration of the alkoxyamine.  
It was also demonstrated that the rate of polymerization of n-butyl acrylate shows no dependence 
on the concentration of the alkoxyamine. For n-butyl acrylate polymerization conducted at  
120 °C, the accumulation of the β-fragmentation product (chains bearing the 1,1-disubstituted 
alkene end group) occurred at a constant rate independent of the initial alkoxyamine 
concentration. No 1H NMR evidence of the species bearing the 1,1-disubstituted alkene end 
group could be observed when the polymerization was carried at 100 °C or lower.  
The absence of evidence of species bearing the 1,1-disubstituted alkene end group can be used to 
support approximations that the contribution of β-fragmentation to the polymerization kinetics of 
n-butyl acrylate is minimal at 100 °C and lower temperatures, validating exclusion of  
β-fragmentation in polymerization models at moderate polymerization temperatures.  
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Chapter IV: Secondary Reactions in n-Butyl Acrylate Polymerization and Theoretical 
Considerations 
 
Synopsis 
 
A theoretical consideration of high temperature n-butyl acrylate 
polymerization is presented in this chapter. The possibility of a 
reversible deactivation-activation equilibrium reaction between the 
mid-chain radical (MCR) and the nitroxide (DEPN) is investigated 
and shown to exist via in situ 1H NMR. The estimated values of the 
deactivation and activation rate coefficients of the MCR and MCR-
DEPN respectively, are also presented. The effects of the MCR/MCR-
DEPN equilibrium and thermal auto-initiation on the polymerization 
kinetics of n-butyl acrylate were investigated by simulation of the n-
butyl acrylate polymerization with the Predici software package. 
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4.1 Introduction  
The complexity of the n-butyl acrylate homopolymerization system has led to reports of 
inaccurate values of some experimentally determined kinetic parameters over the past years. 
Developments in experimentation have allowed for a better understanding of the system and 
reports of continuously improving kinetic data. This current chapter will serve as an extension of 
the homopolymerization of n-butyl acrylate reported in Chapter III, with the emphasis on 
complexities introduced by the secondary reactions in high temperature n-butyl acrylate 
polymerization. As already mentioned in Chapter III, the chain transfer process to polymer in  
n-butyl acrylate polymerization results in a system in which two types of transient radicals [the 
secondary propagating radical (SPR) and tertiary mid chain radical (MCR)] exist. In the case of 
NMP, a matter which to the best of our knowledge has not been addressed in the literature, is the 
possibility of a reversible deactivation reaction of the MCR with the stable free nitroxide 
(persistent radical), if any. The confirmation of the existence or non-existence of such a reaction 
is critical in explicitly describing the polymerization of n-butyl acrylate and in the construction 
of a kinetic model, representative of the system. 
It should however be noted that the choice of NMP in the assessment of the possibility of the 
reversible deactivation-activation reaction between the MCR and the mediating species, was 
solely based on the simplicity of the system in consideration relative to other controlled radical 
polymerization (CRP) techniques such as RAFT and ATRP. In the case of NMP, the adduct that 
forms from the coupling of the MCR and DEPN (forming the dormant species) can be detected 
with relative ease even during the course of the polymerization process monitored via in situ 1H 
NMR.  
If one was to consider a nitroxide mediated polymerization of n-butyl acrylate in which the sole 
mode of chain transfer to polymer was via intra-molecular chain transfer, the model for the 
polymerization can be described as illustrated by Scheme 4-1. In Scheme 4-1, two equilibrium 
reactions are considered together with respective bimolecular termination between two SPRs and 
two MCRs including the cross termination of the respective transient radicals. The reaction of  
β-fragmentation is included to cover high temperature polymerization of n-butyl acrylate where 
the reaction cannot be regarded as negligible. The inclusion of the equilibrium between MCR-
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DEPN and the MCR in Scheme 4-1 does not imply the existence of such a reaction but merely 
serves as a starting point for the investigation of such an equilibrium reaction. 
 
 
Scheme 4-1: Model for nitroxide mediated polymerization of n-butyl acrylate with the inclusion 
of intra-molecular chain transfer to polymer and the reversible deactivation-activation reaction 
between the MCR and the nitroxide. P and Q symbolise the SPR and MCR, respectively. 
 
From Scheme 4-1, the following differential equations can be derived: 
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Due to relatively fast initiation, the polymer chains are of relative similar lengths, so that 
Equations 4-5 can be assumed valid. The chain length distribution of poly(n-butyl acrylate) 
produced via CRP techniques indicate relatively narrow distributions,1, 2 which means that the 
radical concentrations can be expressed by Equations 4-5. Applying Equation 4-5 in Equations  
4-1 – 4-3 allows for the omission of the chain length subscript “i” for simplification purposes. 
 
∑
∞
=
=
1
][][
i
iPP    ∑
∞
=
=
1
][][
i
iQQ       (4-5) 
 
Assuming steady state conditions, adding Equations 4-3 and 4-4 yields 
 
]])[[][(][]][[2][][][ 22 XQkPkQkQPkPkXQkXPk tcctttttttdd ++++=−+−  (4-6) 
 
After a certain initial period in a free radical polymerization, a constant concentration of transient 
radicals is maintained (stationary-state conditions). In the case of n-butyl acrylate 
polymerization, the constant concentration is maintained with respect to both the MCR and SPR. 
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As a result both the differentials of SPR and MCR concentrations with respect to time, taken 
after this initial period, can be set to zero. Thus, setting Equation 4-4 to zero yields, 
 
0][]][[][]])[[][(]][[][ =−−−++−− QkXQkXQkQPkQkQMkPk tctdttttttpbb β  (4-7) 
 
and re-arranging, 
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One of the characteristics of the CRP techniques is the minimal extent to which termination 
reactions occur. In the case of the unimolecular NMP system as governed by the PRE theory, 
termination occurs predominantly at the early stages of the polymerization. As the concentration 
of nitroxide builds up relative to the transient radicals, the reversible deactivation reaction is 
favoured over the activation reaction. The result is a high concentration of dormant polymer 
chains relative to active transient radicals, therefore minimizing termination. Termination 
reactions can thus be assumed to be negligible such that the inequality 
][][][][ PkQkkXkMk ttttttctp +>>++ β  is valid. The expression for the concentration of MCR 
expressed by Equation 4-8 can be reduced to a simpler form expressed by Equation 4-9. 
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Equation 4-9 expresses the complex relation between the secondary propagating radicals and the 
mid-chain radicals in the presence of the persistent radical species with the assumption that there 
exists a reversible deactivation-activation reaction between the nitroxide and MCR. Thus from 
Equation 4-9, it can be observed that if there exists such an equilibrium between the MCR-DEPN 
and the MCR, this will affect the active concentration of MCR and consequently the transitions 
between SPR and MCR. It should be noted that this interpretation is based on the assumption 
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that in the presence of the mediating species the termination reactions are minimal and thus 
negligible, a fair approximation for CRP processes. 
If the steady state conditions are assumed, the differential for the total concentration of transient 
radicals can be written as follows,  
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From Equations 4-3, 4-5 and 4-10, Equation 4-11 can be derived. 
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According to Equation 4-11, the concentration of the active radicals will be controlled by two 
equilibrium reactions involving the reversible activation-deactivation cycles between the 
persistent radical species and the two respective transient radical species. In a typical 
polymerization system with a single type of transient radical, the equilibrium can be described by 
Equation 4-12. However, the observed equilibrium in a system with two distinct transient 
radicals assumed to both undergo reversible deactivation–activation reaction with the nitroxide 
cannot be described adequately by Equation 4-12. In this case the equilibrium can be described 
by the observed or effective dissociation (activation) and combination (deactivation) rate 
coefficients according to Equation 4-13. 
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However, the existence of the reversible deactivation of the MCR by the nitroxide is not an easy 
reaction to prove. The use of mass spectrometry techniques has previously been reported for 
polymer chains bearing multiple nitroxides in the polymerization of n-butyl acrylate mediated by 
DEPN.3 However the information derived from such a study cannot distinguish whether adducts 
were formed between an MCR and the nitroxide or a SPR and the nitroxide. The information that 
can be derived from such studies is that due to intra- and inter-molecular chain transfer to 
polymer, there can be multiple active sites on a single polymer chain.  
Based on the fact that the larger fraction of transient radicals in the system are MCR,4, 5 one 
would expect the nitroxide to react reversibly with the MCR. However, due to the greater 
stability of such radicals relative to SPR, the rate coefficients governing such a reversible 
deactivation would be expected to differ for those that govern the reversible deactivation of the 
SPR. If the reversible deactivation reaction between the MCR and the nitroxide is considered 
negligible, Equation 4-9 can be further reduced to Equation 4-14. 
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Equation 4-14 has several important implications, one of which is that the fraction of the MCR in 
the system is mainly dependent on three processes which are intra-molecular chain transfer to 
polymer, addition of the monomer to the MCR and β-fragmentation. 
 
4.2 Investigating the NMP equilibrium involving the MCR 
To fully understand and describe a polymerization system, the knowledge of all primary and side 
reactions is important. Scheme 4-1 illustrated reactions during a high temperature n-butyl 
acrylate polymerization, in which an assumption has been made that an equilibrium exists 
between the MCR and MCR-DEPN. According to Equation 4-8 the presence of such an 
equilibrium will have an effect on the active concentration of MCRs. This will in turn have an 
effect on the quantity of accumulated ß-fragmentation products (and rate thereof) and the 
branching density. 
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This section will address the existence or non-existence of such an equilibrium, by searching for 
the adduct (MCR-DEPN) of the MCR with the nitroxide DEPN, illustrated in Scheme 4-2. The 
existence of MCR-DEPN in the final polymer can serve as an indirect proof of the existence of 
equilibrium between the MCR and MCR-DEPN.  
 
 
Scheme 4-2: The possible dormant structures of poly(n-butyl acrylate) illustrating the adducts of 
the SPR and the MCR with the nitroxide DEPN. 
 
To assess whether the reversible deactivation of the MCR does occur, experiments were carried 
out in which the ratio of MAMA-DEPN to free nitroxide (DEPN) was varied in the 
polymerization of n-butyl acrylate.  
 
4.2.1 Experimental 
4.2.1.1 Chemicals 
The alkoxyamine MAMA-DEPN and the nitroxide DEPN were synthesized as described in 
Chapter III (Section 3.3). n-Butyl acrylate (Plascon Research Centre, Stellenbosch University) 
was washed with 10% aqueous solution of sodium hydroxide and then with distilled deionised 
water before drying over anhydrous magnesium sulphate. The monomer was distilled under 
reduced pressure and stored at low temperature. 
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4.2.1.2 Procedure for the polymerization 
In a typical polymerization, n-butyl acrylate (2.00 g, 15.6 mmol), MAMA-DEPN (40.5 mg, 
0.106 mmol) and DEPN (7.9 mg, 0.0268 mmol) were added to a Schlenk flask. The mixture was 
degassed by three freeze-pump-thaw cycles followed by introduction of nitrogen atmosphere. 
The Schlenk flask was immersed in a preheated oil bath at 120 °C and the reaction was allowed 
to proceed for 7 hours.  
 
4.2.2 Results and discussion 
Figure 4-1 shows a 1H NMR spectrum of poly(n-butyl acrylate) prepared from MAMA-DEPN 
with additional free DEPN added. An unconventionally large fraction of free DEPN relative to 
MAMA-DEPN was employed with the aim of increasing the chance of the reversible 
deactivation-activation reaction of the MCR with the nitroxide (DEPN). This would also lead to 
an improved detection of the products of such a reversible deactivation. 
 
 
Figure 4-1: 1H NMR spectrum of poly(n-butyl acrylate) in the region 4.7 – 2.8 ppm with the 
peaks labelled A, B and C assigned to signals of the protons labelled in Scheme 4-2. 
 
The prime area of interest in Figure 4-1 is the area of peaks labelled A. This signal has been 
assigned to the α-proton of DEPN in a dormant structure in which the MCR is reversibly 
terminated by DEPN. The α-proton of DEPN in the case where the dormant structure is a result 
of a reversible termination between the SPR and DEPN appears in the region labelled C in 
4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8
 
δ (ppm)
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Figure 4-1. The assignment of the peaks in Figure 4-1 was aided by predicting the 1H NMR 
spectra of the species of interest (Scheme 4-2). In the predicted 1H NMR spectrum (not shown) 
of the SPR-DEPN adduct, the proton labelled C was observed in its expected region (3.2-3.4 
ppm). The expected chemical shift for the peak due to the proton labelled A was then predicted.  
 
 
 
 
 
 
The resolution of the doublet of multiplets is lost from region C to A. The loss in the resolution 
can be ascribed to the fact that chain transfer to polymer does not exclusively occur via the  
1,5-hydrogen shift. Chain transfer to remote positions along the backbone of the chains together 
with intermolecular chain transfer results in MCRs that are chemically non-equivalent depending 
on their position on the backbone. The subtle differences in the chemical environments of such 
MCRs is thus observed in loss of resolution in the peaks labelled A in Figure 4-1. The existence 
of the reversible deactivation-activation reaction between DEPN and MCR in the nitroxide 
mediated n-butyl acrylate polymerization has several implications.  
5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 3.0
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Figure 4-2: 1H NMR spectrum of 
styrene/n-butyl acrylate copolymerization 
mixture in the region 5.0 – 3.0 ppm with 
the peaks labelled A and C assigned to 
signals of the protons labelled in Scheme 
4-2. ( 1.0=Sf ). 
Figure 4-3: 1H NMR spectrum of 
styrene/n-butyl acrylate copolymerization 
mixture in the region 5.0 – 3.0 ppm with 
the peaks labelled A and C assigned to 
signals of the protons labelled in Scheme 
4-2. ( 4.0=Sf ). 
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If indeed the signal (at ca. 4.4 ppm) in Figure 4-1 is due to the α-proton labelled A in Scheme  
4-2, inhibition of intra-molecular chain transfer to polymer should result in the disappearance of 
the peak. The inhibition of intra-molecular chain transfer to polymer (mainly backbiting) in  
n-butyl acrylate polymerization can be done by simply copolymerizing with a second monomer, 
such as styrene. At feed compositions with a considerable amount of styrene, the intra-molecular 
chain transfer process should be cancelled out. When 1.0=Sf  (Figure 4-2), uninterrupted long 
sequences of n-butyl acrylate can form making it possible for backbiting to occur. The result is 
the formation of a MCR and consequently its adduct with DEPN. The presence of the signal 
labelled “A” in Figure 4-2 is indicative of the existence of such a macro-alkoxyamine. However, 
upon an increase of the feed composition of styrene in the copolymerization mixture, signal “A” 
disappears in Figure 4-3 ( 4.0=Sf ).  
The implication of the existence of the equilibrium involving the MCR is that the equilibrium 
rate constant normally reported in the literature is in actual fact the effective equilibrium constant 
that is more accurately described by Equation 4-13 as opposed to Equation 4-12.  
The second implication is that the effective concentration of MCRs is not only dependent on 
backbiting, addition of monomer to MCR and β-scission as predicted by Equation 4-14. A rather 
more accurate evolution of the MCRs should then be predicted by Equation 4-8. Under 
controlled/living radical polymerization conditions, Equation 4-8 should lead to similar evolution 
of the MCRs as its simplified form (Equation 4-9), due to negligible termination reactions.  
The evidence of a reversible deactivation-activation reaction between the MCR and a mediating 
species is for the first time explicitly reported in this work. As a result there are no literature 
values for the rate coefficients of deactivation and activation of MCR and MCR-DEPN, 
respectively. Estimated values for the rate coefficients of deactivation and activation of MCR 
and MCR-DEPN will be proposed in this chapter.  
4.2.4 Conclusion 
Evidence from 1H NMR has shown the existence of an adduct of MCR with DEPN, a structure 
from which it can be inferred that there exists a reversible deactivation-activation reaction 
between the MCR and DEPN. As a result, to adequately describe the kinetic model for the 
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polymerization of n-butyl acrylate mediated by nitroxides, the reversible deactivation-activation 
reaction between the nitroxide and the MCR should be included. The awareness of the 
importance of the inclusion of the reversible reaction involving the MCR and nitroxide does not 
come without a cost, as it introduces uncertainties in the model due to the unknown values of the 
kinetic rate coefficients of the reactions in question ( tdk  and tck ).  
 
4.3 Kinetic model for n-butyl acrylate polymerization mediated by persistent radical 
species 
 
Scheme 4-3: Nitroxide mediated n-butyl acrylate polymerization model implemented into 
Predici. 
 
In high temperature n-butyl acrylate polymerization in the presence of a persistent radical 
species, additional effects exist that contribute to the observed experimentally determined values 
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of rate coefficient of activation of the macro-alkoxyamine and equilibrium rate constant. The 
reported equilibrium rate constant for n-butyl acrylate polymerization at 120 °C in the presence 
of DEPN are K = 1.7 × 10-10 and K = 6.95 × 10-11. 6, 7 Due to the well established co-existence of 
SPR and MCR in n-butyl acrylate polymerization, care is required in the interpretation of the 
equilibrium rate constants in the existing reports. The equilibrium rate constant should in actual 
fact be resolved into two components. The first component is the reversible reaction between the 
SPR and persistent radical species and secondly the reversible reaction between the MCR and the 
persistent radical species.  
 
Table 4-1: Rate coefficients used in the kinetic modelling of n-butyl acrylate using the Predici 
simulation package 
 A Ea (KJ mol-1) Value at 120 °C Refs 
actk  2.4 × 10
14
 s-1 112.3 0.289 s-1 8 
deactk    5.0 × 10
6
 L mol-1 s-1 2 
1,pk  4.0 × 10
6
 L mol-1 s-1 19.8 9.36 × 103 L mol-1 s-1 9 
pk  2.31 × 10
7
 L mol-1 s-1 18.1 9.10 × 104 L mol-1 s-1 10 
ck    2.80 × 10
7
 L mol-1 s-1 2, 11 
dk    1.55 × 10
-3
 s-1 2 
tk    7.34 × 10
7
 L mol-1 s-1 2 
bbk  3.50 × 10
7
 L mol-1 s-1 29.3 4.48 × 103 L mol-1 s-1 12 
t
pk  1.52 × 10
6
 L mol-1 s-1 28.9 2.20 × 102 L mol-1 s-1 13 
βk  8.60 × 10
10
 L mol-1 s-1 71.5 2.72 × 101 s-1 14 
t
ck    Unknown  
t
dk    Unknown  
t
tk    3.90 × 10
7
 L mol-1 s-1 15 
tt
tk    2.80 × 10
6
 L mol-1 s-1 15 
thrmk    3.54 × 10
-7
 L mol-1 s-1 Chapter III 
 
Both these components are embedded in the current values of the equilibrium rate constant 
reported in the literature. A similar phenomenon should affect the determination of the 
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dissociation rate constant of a poly(n-butyl acrylate) macro-alkoxyamine. Relative to the SPR, 
the MCR is expected to have a lower rate coefficient of deactivation, because of the relatively 
higher stability. The rate coefficient of the activation of the MCR-DEPN dormant species will be 
expected to be higher than that of the SPR-DEPN dormant species.  
 
4.3.1 Methodology  
The simulations carried out in this work were performed with the Predici simulation package 
(version 6.72.3) on a standard desktop computer. The simulations were carried out in the 
distribution mode. The polymerization model and kinetic parameters used are summarized in 
Scheme 4-3 and Table 4-1, respectively. 
 
4.3.2 Results and discussion  
No reports in the literature exist on the investigation of the possibility of a reversible reaction 
between a mediating species and a MCR. As a result no rate coefficients for such a reaction exist 
in the current literature. Scheme 4-3 was implemented into Predici with the aim of reporting the 
first approximate values for the rate coefficients of deactivation ( tck ) of the MCR with DEPN 
and activation ( tdk ) of the resulting macro-alkoxyamine (MCR-DEPN). To fully resolve the two 
equilibrium reactions into their respective equilibrium rate constants is a very complicated task. 
For instance, if a parameter variation study is undertaken for the four rate coefficients  
( ck , dk , tck  and tdk ), there exists no possibility of a unique solution. The values determined for 
the equilibrium rate constant (K) and the dissociation rate coefficient ( dk ) are in actual fact 
composite values including the equilibrium between MCR and MCR-DEPN and the dissociation 
of MCR-DEPN, respectively. It is assumed in this study that the values of ck  and dk  reported in 
the literature can be adapted to describe the equilibrium between the SPR and SPR-DEPN. For a 
comparison of simulation and experimental data, the evolution of the concentrations of n-butyl 
acrylate and the 1,1-alkene species with time were considered. Based on the relative stability of 
MCR in comparison to SPR, one can speculate that the rate coefficient of deactivation of MCR  
( ) should be lower than that of the deactivation of SPR ( ) by DEPN. Based on the same t
ck ck
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analogy of stability, the rate coefficient of activation of MCR-DEPN would be expected to lie 
between activation rate coefficients of MAMA-DEPN and SPR-DEPN (i.e. dtdact kkk >>  ).  
 
 
Scheme 4-4: General structures of an adduct of a SPR and a nitroxide (Structure A) and a MCR 
and a nitroxide (Structure B) 
 
The rate coefficient of activation of DEPN based alkoxyamine can be shown to be dependent on 
the nature of the carbon centre attached to the nitroxide (*C – ON). When the nitroxide is 
attached to a secondary carbon, the corresponding alkoxyamine will show a lower rate 
coefficient of activation than an alkoxyamine formed from a tertiary carbon centre. For model 
alkoxyamines, the DEPN based alkoxyamine will show 1110)120( −−≥ sCkd o  for adducts with 
tertiary carbons, with lower values for secondary and even lower for primary carbons.16 The rate 
coefficient of activation of MAMA-DEPN at 120 °C is 2.88 × 10-1 s-1.8 Ananchenko et al. 17 
estimated dk  (100 °C) of poly(methyl methacrylate) based macro-alkoxyamine (PMMA-DEPN) 
as 8 ×10-2 s-1. In general, the rate coefficient of activation (homolytic cleavage) is higher in the 
case where the C – ON bond of the alkoxyamine is formed between a nitroxide radical and a 
radical of a tertiary carbon atom of the alkyl group. 17-20 The rate coefficients of activation for the 
structures in Scheme 4-4 (‘A’ and ‘B’ representing SPR-DEPN and MCR-DEPN, respectively) 
will thus be expected to differ by an order of magnitude or two, due to the differences in the 
macro-alkoxyamine structures. 
Figure 4-4 illustrates the evolution of the concentration of n-butyl acrylate with time. A good 
agreement between experimental and simulated data was obtained when tck  and tdk  values were 
set to 1.0 × 106 L mol-1 s-1 and 5.32 × 10-2 s-1, respectively. A reasonable correlation was also 
obtained for the specified values of  and  in the evolution with time of concentration of 
species bearing the 1,1-disubstituted alkene end group (Figure 4-5). The values of  and  
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reported are mere initial guess values. It should be noted that the values of ck  and dk , do not 
exclusively describe the deactivation and activation of SPR and SPR-DEPN, respectively, but do 
in fact include the effects of the equilibrium involving the MCR.  
 
 
Figure 4-4: The experimental evolution of n-butyl acrylate concentration with time compared 
with simulation data according to Scheme 4-3 for which  = 1.0 × 106 L mol-1 s-1 and  = 
5.32 × 10-2 s-1 and all other parameters are as listed in Table 4-1. 
 
 
Figure 4-5: The experimental evolution of the concentration of 1,1-disubstituted alkene species 
with time compared with simulation data according to Scheme 4-3 for which  = 1.0 × 106 L 
mol-1 s-1 and  = 5.32 × 10-2 s-1 and all other parameters are as listed in Table 4-1. 
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The effect of the initial concentration of the alkoxyamine on the rate of polymerization and the 
evolution of concentration of the 1,1-disubstituted alkene species was investigated for the 
polymerization model. The kinetic parameters in Table 4-1 together with the estimated values of 
 and  were implemented in the polymerization model (Scheme 4-3). Figure 4-6 illustrates 
the simulated and experimental conversion index plots of n-butyl acrylate polymerization with 
different initial concentrations of the alkoxyamine (MAMA-DEPN). The rate of polymerization 
shows no dependence on the initial concentration of the alkoxyamine, in agreement with the 
experimental results reported in Chapter III. A good correlation between experimental and 
simulated data is observed for the range of initial concentrations of the alkoxyamine studied.  
 
 
Figure 4-6: Simulated conversion index plots of n-butyl acrylate polymerization at different 
indicated initial concentrations of the alkoxyamine (MAMA-DEPN) vs. experimental data for 
which [MAMA-DEPN]0 for Experiments 1 (Exp. 1), 2 (Exp. 2) and 3 (Exp. 3) are 0.2, 0.15 and 
0.10 mol L-1, respectively. 
 
The simulated evolution of the concentration of the 1,1-disubstituted alkene species as a function 
of initial alkoxyamine (MAMA-DEPN) concentration, is illustrated in Figure 4-7. A relatively 
good correlation between experimental and simulated data was obtained for the evolution of the 
alkene species. As observed in the experimental results (Chapter III), no apparent dependence of 
evolution of the concentration of the alkene species on the initial concentration of the 
alkoxyamine was observed. Likewise, the simulated profiles showed no dependence on initial 
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concentration of the alkoxyamine. Figure 4-8 illustrates the agreement between model and 
experimental data for the evolution of the concentration of n-butyl acrylate as a function of time. 
 
 
Figure 4-7: The evolution of the concentration of species bearing 1,1-disubstituted alkene end 
group as a function of the initial concentration of MAMA-DEPN for n-butyl acrylate 
polymerization conducted at 120 °C with all profiles simulated except for the labelled 
experimental data points (○), for which [MAMA-DEPN]0 = 0.16 mol L-1. 
 
As predicted by Equation 3-14, the evolution of the concentration of the alkene species will 
depend on the product of the MCR and rate coefficient of β–fragmentation ( βk ). With the  
β–fragmentation rate coefficient a constant at the specific polymerization temperature, the only 
variable the evolution of the alkene species depends on is the MCR concentration. However, the 
fraction of MCR in n-butyl acrylate polymerization has previously been shown to be constant at 
a particular polymerization temperature.5 As a result, at a specific polymerization temperature 
both the concentration of the MCRs and the rate coefficient of β-fragmentation are constants and 
a similar accumulation of the alkene species will be observed irrespective of the initial 
concentration of the alkoxyamine. 
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Figure 4-8: The evolution of the concentration of n-butyl acrylate as a function the initial 
concentration of MAMA-DEPN for the polymerization conducted at 120 °C with all data 
simulated except for the labelled experimental data points (○), for which [MAMA-DEPN]0 = 
0.16 mol L-1. 
 
 
Figure 4-9: Simulated fraction of MCR in n-butyl acrylate polymerization at 120 °C, as function 
of the initial concentration of the alkoxyamine. 
 
In Figure 4-9, the fraction of MCRs relative to the total concentration of active transient radicals 
remains constant for the entire polymerization. A high fraction of MCR is observed (exceeding 
90%) according to the simulated data. However this figure comes as no surprise as a fraction of 
about 80% have been reported in ESR studies of n-butyl acrylate polymerization at 70 °C.5 Barth 
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et al.4 also reported that the fraction of MCRs relative to the total transient radical concentration 
is about 90% at temperatures exceeding 60 °C. To assess the effect of the equilibrium involving 
the MCR and MCR-DEPN on reaction kinetics, simulations of n-butyl acrylate polymerization 
were carried out with and without the reversible deactivation of the MCR with DEPN. The 
simulations were carried out as a function of the initial concentration of the alkoxyamine. The 
results of the simulations are summarized in Figure 4-10. For both models with and without the 
equilibrium step, no apparent dependence of rate of polymerization on the initial concentration of 
the alkoxyamine was observed. The lower rate of polymerization in the model without the 
reversible deactivation of the MCR with DEPN can be explained in terms of loss of radicals as a 
result of transient radical termination reactions due to their high concentration in the medium.  
 
 
Figure 4-10: Comparison of simulated conversion index plots of n-butyl acrylate polymerization 
model including (red lines) and excluding (blue lines) the equilibrium involving the MCR as a 
function of initial concentration of the alkoxyamine. Experimental conversion index plot is 
included for which the employed [MAMA-DEPN]0 = 0.15 mol L-1. 
 
The inclusion or exclusion of the reversible deactivation of the MCR with DEPN in the n-butyl 
acrylate polymerization model only has an effect on the rate of polymerization while preserving 
the observed phenomenon of rate independence with changing initiator concentration. 
The effect of thermal auto-initiation of n-butyl acrylate on the polymerization kinetics was also 
investigated. The data presented to this point in this chapter has included the thermal  
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auto-initiation of n-butyl acrylate in the polymerization model. With all reactions in Scheme 4-3 
considered except for the thermal auto-initiation, the simulations were carried out with different 
initial concentrations of the alkoxyamine. The results for the evolution of the concentration of 
the species bearing the 1,1-disubstituted alkene end group and the conversion index are 
illustrated in Figures 4-11 and 4-12, respectively.  
 
 
 
 
 
 
 
A clear dependence of both the conversion index and the concentration of the species bearing the 
1,1-disubstituted alkene end group on the  initial concentration of the alkoxyamine is apparent in 
the absence of thermal auto-initiation of n-butyl acrylate. According to the conversion index 
plots, the observed increase in rate of polymerization with increasing concentration of the 
MAMA-DEPN is in line with results that would be expected for an ideal case. However, 
introduction of thermal auto-initiation in the polymerization model yields the profiles reported in 
Figure 4-6. Thus by comparison of Figures 4-6 and 4-12, the observed phenomenon of lack of 
dependence of the rate of polymerization on initial concentration of the alkoxyamine can be 
explained in terms of thermal auto-initiation in n-butyl acrylate polymerization. Like in the case 
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Figure 4-11: Simulated evolution of 1,1-
disubstituted alkene bearing species 
without thermal auto-initiation as a 
function of the initial concentration of the 
alkoxyamine. Experimental data for the 
evolution of the species is included for 
which the employed [MAMA-DEPN]0 = 
0.15 mol L-1. 
Figure 4-12: Simulated conversion index 
plots of n-butyl acrylate without thermal 
auto-initiation as a function of the initial 
concentration of the alkoxyamine. 
Experimental data for the evolution of the 
species is included for which the employed 
[MAMA-DEPN]0 = 0.15 mol L-1. 
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of styrene polymerization, thermal auto-initiation plays a vital role in the kinetics of n-butyl 
acrylate polymerization at high polymerization temperatures.  
Another matter of interest is the presence of free DEPN at the onset of polymerization and its 
effect on the kinetics. Alkoxyamines such as MAMA-DEPN with high activation rate 
coefficients are prone to spontaneous decomposition at ambient temperatures. The result of the 
decomposition is the presence of free DEPN at the onset of the reaction. As a result, the system 
is no longer a unimolecular NMP system. The effect of such free DEPN on the reaction kinetics 
is illustrated in Figures 4-13 – 4-15 (simulations).  
 
 
Figure 4-13: Simulated conversion index plots for n-butyl acrylate polymerization in the 
presence of 1 mol % free DEPN relative to MAMA-DEPN added with the thermal auto-initiation 
step taken into account, for different initial concentration of MAMA-DEPN.  
 
Based on the experimentally achieved overall concentration of the 1,1-alkene species and the 
monomer conversion, it can be argued in conjunction with simulation results that no more than 1 
mol % free DEPN relative to MAMA-DEPN is present at onset of polymerization in the system. 
This can be explained by the fact that for simulations with greater than 1 mol % initial free 
DEPN, the achieved final monomer conversion and concentration of the 1,1-alkene species, are 
below those experimentally obtained. Comparing simulations and experiments, the retardation of 
the polymerization process can be used to estimate the threshold concentration of initial free 
DEPN. 
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Figure 4-14: Simulated conversion index plots for n-butyl acrylate polymerization in the 
presence of 1 mol % free DEPN relative to MAMA-DEPN added with the thermal auto-initiation 
step excluded, for different initial concentration of MAMA-DEPN.  
 
 
Figure 4-15: Simulated conversion index plots for n-butyl acrylate polymerization in the 
presence of 2 mol % free DEPN relative to MAMA-DEPN added with the thermal auto-initiation 
step excluded, for different initial concentration of MAMA-DEPN.  
 
In addition, without the thermal auto-initiation step the experimentally obtained final conversion 
could not be obtained theoretically, highlighting the importance of such a reaction step. 
Therefore, for such concentrations of free DEPN (< 1 mol %), the independence of rate of 
polymerization can still be ascribed to the thermal auto-initiation of n-butyl acrylate  
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(Figure 4-13). When the thermal auto-initiation step in the kinetic model is deactivated, with 1 
mol % free DEPN present at polymerization onset, the rate of polymerization is observed to 
increase with increasing concentration of the alkoxyamine (Figure 4-14). From Figure 4-15 it 
becomes apparent that the effects of free nitroxide on rate of polymerization become significant 
from about 2 mol % free DEPN relative to MAMA-DEPN. At concentrations lower than 2 mol 
%, the independence of rate of polymerization should then be ascribed to thermal auto-initiation.  
 
 
Figure 4-16: Simulated and experimental evolution of monomer conversion in thermally initiated 
n-butyl acrylate polymerization in the presence of free DEPN. [n-butyl acrylate]0 = 3.09 mol L-1 
and [DEPN]0 = 0.053 mol L-1. 
 
The validity of the constructed polymerization model was further assessed by comparison of 
experimental data and simulated data for thermally initiated n-butyl acrylate polymerization at 
120 °C in the presence of free DEPN.  
From Figure 4-16, a reasonable agreement between the model and the experimental data is 
observed. Thus, the rate coefficients of deactivation ( tck ) and activation ( tdk ) of MCR and MCR-
DEPN, respectively estimated in this work are further supported as good estimates.  
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4.3.3 Conclusion 
Through simulations of the n-butyl acrylate polymerization model shown in Scheme 4-3 via the 
Predici software package, the values of the rate coefficients of deactivation ( t
ck ) and activation  
( tdk ) of the equilibrium involving the MCR and DEPN have been estimated by comparison with 
experimental data. It has also been demonstrated that the exclusion of the equilibrium between 
MCR and MCR-DEPN will result in a lower rate of polymerization in comparison with the 
model in which the equilibrium is included. The inclusion or exclusion of such equilibrium also 
showed no dependence of rate of polymerization on the initial concentration of the alkoxyamine. 
The inclusion or exclusion of thermal auto-initiation of n-butyl acrylate in the polymerization 
model yielded interesting results. When thermal auto-initiation reaction was omitted from the 
polymerization model, the rate of polymerization was observed to increase with increasing 
concentration of the alkoxyamine. When the thermal auto-initiation reaction was included in the 
model, the rate of polymerization showed no dependence on the initial concentration of the 
alkoxyamine, in line with the data reported in Chapter III. Thus, as in case of styrene 
polymerization the apparent independence of rate of polymerization in the case of n-butyl 
acrylate polymerization can also be explained in terms of thermal auto-initiation of the monomer. 
Good agreement between experimental and theoretical data was obtained for the evolution of 
monomer conversion with time for thermally initiated n-butyl acrylate polymerization in the 
presence of free DEPN.  
 
4.4 Summary 
The existence of a reversible deactivation of the MCR by DEPN has been deduced from the 1H 
NMR spectrum of poly(n-butyl acrylate) prepared with MAMA-DEPN. Preliminary estimated 
values of the deactivation rate coefficient ( tck ) of the MCR with DEPN, and activation rate 
coefficient ( tdk ) of the resulting macro-alkoxyamine are also reported. A full parameter 
estimation of the four rate coefficients of interest ( ck , dk ,  and ) should however be 
carried out with fitting to three or more reaction species to further increase the accuracy of the 
estimated values. The apparent independence of the rate of polymerization on the initial 
t
ck
t
dk
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concentration of the alkoxyamine reported in Chapter III can be explained in terms of thermal 
auto-initiation of n-butyl acrylate as deduced from simulated data.   
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Chapter V: Nitroxide mediated copolymerization of styrene and n-butyl acrylate 
 
Synopsis 
 
This chapter deals with the copolymerization of styrene and n-butyl 
acrylate mediated by DEPN. High conversion data is used to 
determine the reactivity ratios of the styrene and n-butyl acrylate 
system. Simulations of the copolymerization system based on the 
implicit penultimate unit model were carried out using the Predici 
software package. Good agreement between simulated results and 
data extracted from both in situ 1H and 31P NMR experiments was 
observed. It has also been demonstrated that the NMP equilibrium 
constant obtained from n-butyl acrylate homopolymerization studies 
cannot be utilized for the description of a similar equilibrium in the 
copolymerization system. 
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5.1 Introduction 
5.1.1 Copolymerization models 
Several models exist for describing free radical copolymerization processes.1-6 In this chapter the 
terminal unit model (TUM) and the penultimate unit model (PUM) will be considered to describe 
the copolymerization of styrene (S) and n-butyl acrylate (B). The TUM is based on the 
assumption that the terminal unit of the active polymer chain is the only unit affecting the 
addition of the subsequent monomer. Scheme 5-1 illustrates the schematic representation of the 
TUM showing initiation, propagation and the NMP equilibria. 
 
 
Scheme 5-1: Terminal unit model (TUM) reaction scheme for the copolymerization of styrene 
and n-butyl acrylate showing initiation, propagation and NMP equilibria reactions.  
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Copolymer composition and microstructure can be described well with TUM, but fails to 
adequately describe the overall propagation rate of the copolymerization. The TUM is defined by 
four characteristic coefficients which are two respective homopropagation rate coefficients 
(Equations (3-1) and (3-2)) and two reactivity ratios (Equation (5-1)). 
 
SB
p
SS
p
s k
k
r =
   BS
p
BB
p
B k
k
r =
      (5-1) 
 
where iipk  retain their meaning and 
ij
pk  represents the respective cross-propagation rate 
coefficients where i and j are S or B and ji ≠ . The average propagation rate coefficient for 
styrene and n-butyl acrylate copolymerization as defined by the TUM is expressed by  
Equation 5-2. 
 
[ ] [ ]BBBBSSSS
BBBSSS
p kfrkfr
frfffrk
+
++
=
22 2
        (5-2) 
 
where Sf  and Bf  represent the mole fraction in the feed of styrene and n-butyl acrylate, 
respectively. Due to the inadequacy of the TUM in describing the overall propagation rate 
coefficient of copolymerizations, other copolymerization models were proposed.6 In this chapter 
the PUM will be considered due to its relative simplicity in addressing the description of the 
overall propagation rate coefficient. In PUM, it is assumed that both the penultimate and the 
ultimate units have an effect on the addition of the monomer to the active polymer chain. 
Scheme 5-2 illustrates the propagation steps in the PUM of styrene and n-butyl acrylate. The 
expressions for the rate coefficients characteristic of PUM can then be expressed by Equations 
(5-3) to (5-5). 
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Scheme 5-2: Penultimate unit model (PUM) propagation scheme for the copolymerization of 
styrene and n-butyl acrylate. 
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where SSr , SBr , BSr  and BBr  are the four monomer reactivity ratios and Ss  and Bs  are the radical 
reactivity ratios. The expression for the overall propagation rate coefficient according to the 
PUM together with the supporting expressions is illustrated by Equations (5-6) to (5-8). 
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ijiii rrr ==           (5-9) 
 
where i and j can either be styrene or n-butyl acrylate and ji ≠ . If Equation (5-9) is assumed to 
hold, the PUM as described can be reduced to the form known as the implicit penultimate unit 
model (IPUM). This assumption leads to a similar description of the copolymer composition 
according to both the TUM and the IPUM. However, the description of the average propagation 
rate coefficient includes the radical reactivity ratios in addition to monomer reactivity ratios in 
the case of IPUM. 
 
5.1.2 Reactivity ratios in the copolymerization of styrene and n-butyl acrylate 
The styrene/n-butyl acrylate copolymerization system has been well studied over the past two 
decades and several sets of reactivity ratio values have been reported. Davis et al.3 studied the 
styrene/methyl acrylate and styrene/n-butyl acrylate copolymerization systems. The reported 
reactivity ratio values for the latter system were 95.0=Sr  and 18.0=Br . Cuervo-Rodriguez et 
al.7 studied the bimolecular nitroxide mediated copolymerization of styrene and n-butyl acrylate 
and reported Sr  and Br  values of 0.74 and 0.29, respectively. The ATRP copolymerization study 
of styrene and n-butyl acrylate by Chambard reported values of Sr  and Br  as 0.89 and 0.17, 
respectively.8 
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5.1.2.1 Determination of the reactivity ratios 
Estimation of reliable reactivity ratios is of particular importance in that they enable the 
prediction of copolymer composition and microstructure for any given feed composition. The 
knowledge of these values also enables the classification of different monomers according to 
their reactivity towards active polymer chains. Several methods have been used for the 
determination of reactivity ratios and these include the Mayo-Lewis method,9 the  
Tidwell-Mortimer method10 and the Mao-Huglin method.11 These methods are applicable for the 
determination of reactivity ratios at low monomer conversion. For the determination of reactivity 
ratios at higher monomer conversion, applicable methods are the extended Kelen-Tudos 
method12 and the Mao-Huglin method.11 Under the terminal unit model, the expression for the 
instantaneous copolymer composition is given by Equation (5-10). 
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where iF  and if  represent the mole fraction of monomer i in the copolymer and in the feed 
compositions, respectively. Aguilar et al.13 reported the determination of reactivity ratios with 
the aid of in situ 1H NMR. The consumption of the monomers was monitored by 1H NMR and 
the resultant data fitted to the integrated form of the copolymerization equation for the terminal 
unit model (Equation (5-11)). 
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Where [ ]0M  represents the initial concentration of the monomer and [ ]M  represents the 
concentration of the monomer at time t . Equation (5-11) can be simplified and rewritten in the 
form illustrated by Equation (5-12). 
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where [ ] [ ] δ=SB , [ ] [ ] 000 δ=SB , [ ] γ=S , [ ] 00 γ=S , arB =  and brS = . 
 
5.1.2.2 Effect of the NMP equilibrium on the observed reactivity ratios 
In conventional free radical copolymerization of styrene and n-butyl acrylate, Equation (5-13) 
will govern the ratio of [ ]⋅PS  to [ ]⋅PB  radicals under the steady state assumption. Thus 
according to Equation (5-13) the cross-propagation rate constants and the reactivity ratios will 
influence the ratio of the two propagating transient radicals. In the case of nitroxide mediated 
copolymerization the concentration of the respective propagating transient radicals will in 
addition be dependent on the two NMP equilibria. Thus Equation (5-13) can be rewritten for a 
nitroxide mediated copolymerization system to the forms expressed by Equations (5-14) and  
(5-15). The inclusion of the NMP equilibria can alter the ratio of the propagating transient 
radicals, which is the premise for the determination of reactivity ratios. 
 
[ ][ ] [ ][ ]SPBkBPSk BSpSBp ⋅=⋅         (5-13) 
 
[ ][ ] [ ][ ] [ ] [ ][ ] 0=⋅−−+⋅−⋅ YPSkYPSkBPSkSPBk ScSdSBpBSp     (5-14) 
 
[ ][ ] [ ][ ] [ ] [ ][ ] 0=⋅−−+⋅−⋅ YPBkYPBkSPBkBPSk BcBdBSpSBp     (5-15) 
 
By simulations of ATRP and conventional radical copolymerization of styrene and n-butyl 
acrylate, it has been demonstrated that the ratio of the respective transient radicals in a controlled 
system will differ greatly from those in a conventional system at the early stages of the 
copolymerization (approximately up to 10% overall monomer conversion).8 At early stages of 
the copolymerization (CRP) before the equilibrium is attained, [ ] [ ][ ]YPSkYPSk ScSd ⋅≠−  and 
[ ] [ ][ ]YPBkYPBk BcBd ⋅≠− , and only after equilibrium will Equations 5-14 and 5-15 reduce to  
5-13. In conventional systems, the steady state is attained almost instantaneously from the onset 
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of the copolymerization, which is not the case with controlled/living radical polymerization 
systems. As a result, use of high conversion data in the determination of reactivity ratios is 
important for the case of controlled/living radical copolymerizations.  
 
5.2 Experimental 
5.2.1 Chemicals 
The alkoxyamine MAMA-DEPN was synthesized as described in Chapter III (Section 3.3). 
Styrene and n-butyl acrylate (Plascon Research Centre, University of Stellenbosch) were washed 
with 10 % aqueous solution of sodium hydroxide and then washed with distilled deionised water 
and dried over anhydrous magnesium sulphate. The respective monomers were then distilled 
under reduced pressure and stored at low temperatures. Deuterated dimethyl sulphoxide  
(DMSO-d6, Cambridge Isotope Laboratories, 99%) and dimethyl formamide (DMF, Aldrich) 
were used as received. 
 
5.2.2 Procedure for the in situ 1H NMR copolymerization of styrene and n-butyl acrylate 
Styrene and n-butyl acrylate copolymerizations were followed via in situ 1H NMR at 120 °C at 
different monomer feed compositions in DMSO-d6. In a typical copolymerization reaction, 
MAMA-DEPN (30.1 mg), styrene (0.0722 g), n-butyl acrylate (0.1314 g), DMF (20 µL) and 
DMSO-d6 (0.3113 g) were thoroughly mixed and introduced into a J-Young type NMR tube. The 
DMF served as an internal reference. The reaction mixture was degassed by three  
freeze-pump-thaw cycles and a nitrogen gas blanket was introduced. The instrumental setups 
were as previously explained in Chapter III. The copolymerization was allowed to run for 90 
minutes. 
 
5.2.3 Procedure for the in situ 31P NMR copolymerization of styrene and n-butyl acrylate 
The 31P NMR spectra were acquired with a 4.75 µs (45°) pulse width and a 1.6 seconds 
acquisition time. For the in situ NMR kinetic experiments, samples were first inserted into the 
magnet at 25 °C and the magnet completely shimmed on the sample and the spectrum collected 
at 25 °C against phosphoric acid external reference. This was followed by removal of the sample 
from the magnet and the cavity of the magnet was heated to 120 °C and allowed to stabilize 
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before introducing the sample again into the cavity of the magnet. Following the re-insertion of 
the sample, additional shimming was performed to acquire full optimum conditions and the first 
spectra were collected 3–5 minutes after re-insertion. The spectra were processed manually using 
ACD Labs 10.0 NMR processor®. 
Styrene and n-butyl acrylate copolymerizations were followed via in situ 31P NMR at 120 °C at 
different monomer feed compositions in DMSO-d6. In a typical copolymerization reaction, 
MAMA-DEPN (30.3 mg), styrene (0.1191 g), n-butyl acrylate (0.1078 g) and DMSO-d6 (0.3094 
g) were thoroughly mixed and introduced into a J-Young type NMR tube. The reaction mixture 
was degassed by three freeze-pump-thaw cycles and a nitrogen gas blanket was introduced. The 
copolymerization was allowed to run for 90 minutes.  
 
5.3 Results and discussion 
5.3.1 Quantitative monitoring of monomer consumption via in situ 1H NMR  
Taking into consideration the structures of the monomers as illustrated in Scheme 5-3, the 
concentration profiles of the monomers can be followed from the peaks of the vinyl protons of 
the respective monomers from the in situ 1H NMR spectra, Figure 5-1. 
 
 
Scheme 5-3: Chemical structures of styrene and n-butyl acrylate indicating the vinylic protons 
that were monitored for concentration profiles. 
 
Integration of the respective peaks against the internal reference provided a route for the 
determination of the concentration profiles of the species of interest. In Figure 5-1, the peak at 
95.7~δ  ppm corresponds to the single proton of the internal reference (DMF). The peaks used 
to monitor the concentration of styrene and n-butyl acrylate with time are labelled B1, B2, S2 
and S3 corresponding to the protons labelled in Scheme 5-3. A typical profile illustrating the 
consumption of the respective monomers in a copolymerization reaction is shown in Figure 5-2. 
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Figure 5-1: In situ 1H NMR spectrum array for the copolymerization of styrene and n-butyl 
acrylate in DMSO-d6 at 120 °C. 
 
 
Figure 5-2: The concentration profiles of styrene and n-butyl acrylate relative to the DMF 
internal reference for the copolymerization conducted in DMSO-d6 at 120 °C  
( 4.00 =Sf ). 
 
5.3.2 Assessment of the reactivity ratios 
The determination of the reactivity ratios according to the TUM for the copolymerization of 
styrene and n-butyl acrylate mediated by nitroxide was carried out using the method reported by 
Aguilar et al.13 The experimental data extracted from the in situ 1H NMR experiments were fitted 
to Equation (5-12) using the non-linear least square fitting procedure. 
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Figure 5-3: Relative concentration of styrene [S] versus the ratio [B] / [S] from the in situ 1H 
NMR analysis of the copolymerization of styrene and n-butyl acrylate with initial feed 
composition of 6.00 =Sf  ( 23.0,74.0 == BS rr ). 
 
Based on the residual sum of squares between the experimental and the fitted data (as illustrated 
by Figure 5-3), the reactivity ratios for styrene and n-butyl acrylate were obtained as 0.74 and 
0.23, respectively. In addition to the previously mentioned values of reactivity ratios in Section 
5.1.2, Sr  and Br  have also been obtained as 0.747 and 0.151, respectively under conventional 
free radical polymerization.14 For the copolymers prepared by ATRP, Sr  and Br  were reported to 
fall within the ranges 0.68 – 0.82 and 0.22 – 0.26, respectively.15 This latter set of data is in good 
agreement with the reactivity ratios reported by Chambard.8 The general trend that can be 
deduced from the reactivity ratios of styrene and n-butyl acrylate is that BS rr >  and 1, <BS rr . 
This trend also holds for the copolymerization of styrene and other acrylate type monomers. For 
the styrene and t-butyl acrylate (t-B) copolymerization system, the reported reactivity ratios are 
49.04.0 −=Sr  and 01209.0 −=−Btr , whereas in the case of styrene and i-butyl acrylate (i-B) 
the reactivity ratios are 73.0=Sr  and 17.0=−Bir ; 72.0=Sr  and 18.0=−Bir .14 
 
5.3.3 Instantaneous comonomer and copolymer composition 
In the case of styrene and n-butyl acrylate copolymerization, both the reactivity ratios are 
observed to be less than unity. For any copolymerization system where both the reactivity ratios 
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are less that unity, there exists a comonomer feed composition at which both monomers are 
consumed at a similar rate. This particular feed composition is referred to as the azeotrope  
(or azeotropic composition), defined by Equation (5-16). At the azeotopic feed composition, the 
instantaneous comonomer and copolymer composition remain constant over the entire 
conversion range and ii Ff = . 
 
ji
i
i
rr
rf
−−
−
=
2
10
         (5-16) 
 
Figure 5-4 illustrates the concept of the azeotropic composition by comparing the evolution of 
the instantaneous comonomer composition with overall conversion. A significant deviation in the 
instantaneous comonomer composition from the initial feed composition is observed with 
increased difference between the initial feed composition and the azeotropic feed composition.  
 
 
Figure 5-4: The effect of overall conversion on the instantaneous comonomer composition at 
different initial feed composition. 
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Figure 5-5: The effect of feed composition on both the instantaneous comonomer composition 
and the instantaneous copolymer composition for azeotropeS ff <<= 4.00 . 
 
Figure 5-5 illustrates the difference between the evolution of the instantaneous comonomer 
composition and instantaneous copolymer composition for styrene, as a function of conversion at 
4.00 =Sf .  
 
 
Figure 5-6: Evolution of the cumulative fraction of styrene in the copolymer as a function of 
overall monomer conversion for 1.00 =Sf  (○), 4.00 =Sf  (□), 6.00 =Sf  (■) and 71.00 =Sf  (●) 
with the solid lines representing the respective calculated cumulative fractions of styrene using 
74.0=Sr  and 23.0=Br . 
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In Figure 5-6, the experimental and calculated cumulative copolymer composition with respect 
to styrene, are plotted as a function of overall monomer conversion at different initial feed 
compositions. The predicted cumulative copolymer compositions were calculated using the 
reactivity ratios determined in Section 5.3.2. 
From the copolymerization reactions at different initial feed compositions (0.1 to 0.9), a 
copolymer composition curve (Figure 5-7) can be constructed. The cumulative copolymer 
compositions with respect to styrene were calculated from the respective monomer 
concentrations as follows. For a specific initial feed composition, the concentration of styrene 
and n-butyl acrylate corresponding to times t1 and t5 were used to calculate the first data point of 
the cumulative copolymer composition. The subsequent values were then calculated from the 
time pairs of t6 – t10, t11 – t15 and so on, to cover the entire polymerization time. The procedure 
was repeated for the entire initial feed composition range studied. A good agreement between the 
experimental copolymer composition curve and the predicted curve using the reactivity ratios 
determined in Section 5.3.2 is observed. 
 
 
Figure 5-7: The copolymer composition curve (○) for the copolymerization of styrene and  
n-butyl acrylate with the solid line indicating the theoretical copolymer composition calculated 
according to Equation 5-10 using 74.0=Sr  and 23.0=Br . 
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Figure 5-8: The evolution of instantaneous comonomer composition with overall conversion for 
1.00 =Sf . 
 
The extent (total conversion) to which the copolymerization reaction is allowed to run is 
important depending on the required microstructure of the polymer. In the case of 1.00 =Sf , 
Figure 5-8 illustrates that the copolymerization will occur to the overall conversion of slightly 
above 70%, beyond which a block of n-butyl acrylate homopolymer will form. 
 
5.3.4 Conversion index plots  
As mentioned earlier in the chapter, the styrene/n-butyl acrylate copolymerzation system satisfies 
the conditions Sr  and 1<Br , indicating that the system possesses an azeotrope. An indication of 
the relative rates of consumption of the monomers below and above the azeotropic feed 
composition is observed in the conversion index plots (Figures 5-9 and 5-10).  
Figures 5-9 and 5-10 illustrate the rate of consumption of styrene and n-butyl acrylate at initial 
feed composition slightly below and above the azeotropic feed composition. Below the 
azeotropic feed composition (relative to styrene), the rate of consumption of styrene will exceed 
that of n-butyl acrylate (Figure 5-9). However, above the azeotropic feed composition the 
opposite is true, where n-butyl acrylate is consumed faster (Figure 5-10). The relative rate of 
monomer consumption as a function of feed composition is illustrated in Figure 5-11. According 
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to Figure 5-11, the rate of consumption of styrene will gradually increase with the decreasing 
fraction of styrene in the feed which is in line with the expected behaviour. 
 
 
Figure 5-9: Conversion index plot for the copolymerization of styrene and n-butyl acrylate at 
120°C in DMSO-d6 with 0.6 mole fraction styrene in the initial feed composition, using  
MAMA-DEPN as a unimolecular initiator. 
 
 
Figure 5-10: Conversion index plot for the copolymerization of styrene and n-butyl acrylate at 
120°C in DMSO-d6 with 0.8 mole fraction styrene in the initial feed composition, using  
MAMA-DEPN as a unimolecular initiator. 
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Figure 5-11: Conversion index plots for the fractional conversion of styrene at different initial 
feed compositions for the styrene/n-butyl acrylate copolymerization at 120°C using  
MAMA-DEPN in DMSO-d6. 
 
 
Figure 5-12: The overall conversion index plot for the copolymerization of styrene and n-butyl 
acrylate at 120°C using MAMA-DEPN in DMSO-d6 at different initial feed compositions. 
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varied within the ranges 3.01.0 0 << Sf  and 8.05.0 0 << Sf , the overall rate of consumption of 
both monomers were lower than that observed for 4.00 =Sf .  
 
5.3.5 Monitoring the terminal unit  
The presence of a phosphorus atom in the structure of the nitroxide used in this study allowed for 
use of in situ 31P NMR to further probe the mechanistic features of styrene/n-butyl acrylate 
copolymerization. Preliminary homopolymerization reactions of styrene and n-butyl acrylate 
monitored via in situ 31P NMR were carried out, following the chemical shift of the phosphorus 
of the nitroxide chain end moiety (Scheme 5-4). In the dormant state of the growing chains, the 
signal due to phosphorus in which styrene is the terminal unit of the dormant chain can be 
resolved from that in which n-butyl acrylate is the terminal unit of the dormant chain. 
 
 
Scheme 5-4: Structures of dormant chains with styrene (A) and n-butyl acrylate (B) as the 
terminal unit. 
 
In the copolymerization reactions, the resulting phosphorus peaks can be used to distinguish 
dormant chains with either styrene or n-butyl acrylate as the terminal unit of a dormant polymer 
chain. Figure 5-13 shows a typical 31P NMR spectrum acquired during the copolymerization of 
styrene and n-butyl acrylate, with the two distinct regions of peaks visible. The region labelled 
“S” is due to the styrene terminal unit and the “S+B” region is due to a combination of both 
styrene and n-butyl acrylate terminal units. From the preliminary in situ 31P NMR 
homopolymerization of both styrene and n-butyl acrylate (Figure 5-15), the regions of peaks in 
Figure 5-13 could be assigned. 
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For the in situ 31P NMR homopolymerization of styrene, two regions of peaks were observed and 
their ratio remained constant throughout the entire polymerization time. With the knowledge of 
this ratio, the overlapping region in Figure 5-13 could be resolved into its two respective 
components, being the dormant chains with styrene and n-butyl acrylate as the terminal unit. 
 
 
Figure 5-13: In situ 31P NMR spectrum acquired 256 s into the copolymerization of styrene and 
n-butyl acrylate in DMSO-d6 at 120 °C with the alkoxyamine MAMA-DEPN, at initial feed 
composition corresponding to 3.00 =Sf . 
 
To assess the effect of the initial feed composition on the 31P NMR spectrum, in situ 31P NMR 
copolymerizations were conducted at different initial feed compositions. Kelemen et al. reported 
a significant variation in the 15N NMR spectra as a function of initial feed composition.16 Figure 
5-14 shows the 31P NMR spectra as a function of initial feed composition.  
In Figure 5-14, the 31P NMR spectra are shown for three different initial feed compositions. The 
signal at 25.5 ppm due to styrene being the terminal unit shifts up-field with the fraction of 
styrene decreasing in the initial feed composition. When considering the signal due to the styrene 
terminal at 25.5 ppm, there is a change in the shape of the peak. The change in chemical shift in 
the signal can be explained by considering the penultimate unit effects. At higher fractions of 
styrene in the feed, the contribution to the signal at 25.5 ppm is mainly due to the adduct  
PSSi-DEPN. As the fraction of styrene in the feed is lowered, there is an increase in adduct of 
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type PBSi-DEPN, resulting in the shift of the signal. The possibility of an effect of the 
antepenultimate unit also exists, although it cannot be distinguished from that of the penultimate 
unit effect from this data.  
 
 
Figure 5-14: 31P NMR spectra of the styrene/n-butyl acrylate copolymerization system at three 
initial feed compositions indicating signals due to dormant chains with styrene and n-butyl 
acrylate as terminal units. 
 
The respective signal intensities in Figure 5-14 vary with the initial feed composition as would 
be expected. Although subtle, there seems to be a change in the shape of the peaks in the 31P 
NMR spectra observed with varying initial feed composition. This observation can be related to 
the significant change reported in the 15N NMR spectra of the styrene/methyl acrylate system as 
a function of initial feed composition. 
The 31P NMR spectra for the homopolymerizations of styrene and n-butyl acrylate are shown in 
Figure 5-15. The overlapping regions of the signals due to styrene and n-butyl acrylate can be 
clearly observed. However, a complex multiplicity of the signals observed in the case of both 
styrene and n-butyl acrylate terminal unit is observed.  
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Figure 5-15: 31P NMR spectra of the styrene (B) and n-butyl acrylate (A) homopolymerization 
indicating the regions in which signals due to dormant chains with styrene and n-butyl acrylate 
terminal units are observed. 
 
Figure 5-16 illustrates the evolution of the fraction of dormant chains with styrene and n-butyl 
acrylate as the terminal unit in a copolymerization reaction where 3.00 =Sf . At the early stages 
of the reaction, slightly more than 50 % of dormant chains have styrene at the terminal unit. At 
about 15% overall monomer conversion, the system has approximately equal number of dormant 
chains with styrene and n-butyl acrylate as the terminal unit. Beyond the 15% conversion, the 
fraction of dormant chains with n-butyl acrylate as the terminal unit gradually increases to a total 
of about 70%. 
At monomer feed compositions below the azeotrope (with respect to styrene), the rate of 
consumption of styrene is faster compared to that of n-butyl acrylate. The result is a decrease and 
increase in the instantaneous feed compositions of styrene and n-butyl acrylate, respectively. As 
a result, at monomer feed compositions below the azeotrope (with respect to styrene), the 
fraction of dormant chains with styrene terminal unit will show a gradual decrease with 
polymerization time. Figure 5-17 illustrates the evolution of the fraction of dormant chains with 
n-butyl acrylate as the terminal unit at two different feed compositions below the azeotropic feed 
composition of styrene. In both feed compositions a gradual increase in the fraction of dormant 
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chains with n-butyl acrylate as the terminal unit is observed, in line with the fact that below the 
azeotropic feed composition such a phenomenon is expected.  
 
 
Figure 5-16: The evolution of the fraction of dormant chains with styrene and n-butyl acrylate as 
the terminal unit for 3.00 =Sf . 
 
 
Figure 5-17: The evolution of the fraction of dormant chains with n-butyl acrylate as the terminal 
unit for 3.00 =Sf  and 58.00 =Sf . 
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Figure 5-18: The evolution of the fraction of dormant chains with n-butyl acrylate as the terminal 
unit as a function of both overall monomer conversion and instantaneous feed composition for 
the copolymerization of styrene and n-butyl acrylate with 3.00 =Sf . 
 
Two in situ NMR copolymerization experiments were conducted with both samples prepared as 
identically as possible. One copolymerization was followed via in situ 1H NMR and the other via 
in situ 31P NMR. From the former technique conversion data was attained that could be 
correlated with the terminal unit data from the latter technique. The results are summarized in 
Figure 5-18. In Figure 5-17, the increase with time of polymer chains with n-butyl acrylate as the 
terminal unit occurs faster at the early stages of the polymerization with feed composition further 
from the azeotropic composition. A linear fit to the linear parts of the plots in Figure 5-17  
(first ̴ 2000 s) indicates a higher rate of accumulation of chains with n-butyl acrylate as the 
terminal unit for 3.00 =Sf . 
From Figure 5-18, the fraction of dormant chains with n-butyl acrylate as the terminal unit is 
illustrated as a function of overall monomer conversion and instantaneous feed composition of 
styrene. With increasing overall monomer conversion, the instantaneous feed composition of 
styrene gradually decreases for copolymerizations conducted with initial feed composition below 
the azeotropic feed composition. The result is a gradual increase in dormant chains with n-butyl 
acrylate as the terminal unit.  
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Due to the overlap of peaks in the in situ 31P NMR monitored copolymerizations, a separate 
independent method was required to validate the data. Simulations of styrene/n-butyl acrylate 
copolymerizations were carried out with the Predici software package for comparison with the 
experimental data. The implicit penultimate unit model (IPUM) was considered in the 
copolymerization process. 
The terminal unit model (TUM) has been found inadequate in the description of the average 
propagation rate coefficient, and for the purpose of the rate description of copolymerization 
processes, higher copolymerization models like the PUM are employed. Before validation of the 
in situ 31P NMR results on tracking the terminal unit of dormant chains, the copolymerization 
model was tested against experimental data in the feed composition range 8.02.0 0 ≤≤ Sf . The 
full copolymerization model description is illustrated by Scheme 5-5, with the applicable rate 
coefficients in Table 5-1. 
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Scheme 5-5: The implicit penultimate unit model (IPUM) for the copolymerization of styrene 
and n-butyl acrylate implemented into the Predici software package. 
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Table 5-1: Rate parameters used in the simulation of the nitroxide mediated copolymerization of 
styrene and n-butyl acrylate as depicted in Scheme 5-5 
Coefficient A E  
(kJ /mol) 
Value (120 °C) Refs 
actk  2.4 × 10
14
 s-1 112.3 0.289 s-1 17 
deactk    5.0 × 10
6
 L mol-1 s-1 18 
S
addk  6.7 × 10
6
 L mol-1 s-1 16.5  18, 19 
B
addk  4.0 × 10
6
 L mol-1 s-1 19.8  18, 19 
SS
pk  4.27 × 10
7
 L mol-1 s-1 32.5   20 
BB
pk  2.31 × 10
7
 L mol-1 s-1 18.1  21 
Sr    0.74 This 
Work 
Br    0.23 This 
Work 
Ss
 
  0.48 8 
Bs
 
  0.06 8 
S
ck    2.6 × 10
5
 L mol-1 s-1 18 
S
dk    7.5 × 10
-3
 L mol-1 s-1 18 
B
ck    2.8 × 10
7
 L mol-1 s-1 18, 22 
B
dk    1.55 × 10
-3
 L mol-1 s-1 18 
SS
tck    1.8 × 10
8
 L mol-1 s-1 18 
BB
tck    7.34 × 10
7
 L mol-1 s-1 18 
SB
tck    1.0 × 10
8
 L mol-1 s-1 Estimate 
 
Figures 5-19 and 5-20 illustrate simulated and experimental evolution of styrene and n-butyl 
acrylate concentrations with time. No agreement between the experimental data and the model is 
observed. The first possible explanation involves consideration of penultimate unit effects. This 
approach will not be addressed in this work because of lack of supporting data from the chosen 
technique. The second possible explanation that will be discussed further involves assessing the 
validity of the use of Bck  and Bdk  determined from homopolymerizations in copolymerizations. 
These rate coefficients are determined from a homopolymerization of n-butyl acrylate and 
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utilized in the description of a copolymerization involving n-butyl acrylate. However, care 
should be exercised in their use in copolymerization reactions as it was demonstrated in Chapter 
IV that the equilibrium described in the case of nitroxide mediated polymerization of n-butyl 
acrylate involves both secondary and tertiary mid-chain radicals. In the case where n-butyl 
acrylate is a comonomer in a polymerization system, the contribution of the reversible 
deactivation of the tertiary mid-chain radical to the equilibrium constant is non-existent.  
 
  
 
 
 
Parameter estimation (PE) studies with the Predici software package were then carried out to 
determine the optimum values of Bck  and Bdk  for which the model would fit the experimental 
data in the feed composition range studied. The optimum values for the rate coefficients returned 
from the PE study were Bck  = 9.99 × 10
5
 L mol-1 s-1 and Bdk  = 9.66 × 10
-4
 s-1. These optimum 
values were then adapted into the model to replace the values indicated in Table 5-1, for further 
modelling studies of the copolymerization process. Figures 5-21 – 5-24 illustrate the evolution of 
both styrene and n-butyl acrylate concentration with time, for two feed compositions.  
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Figure 5-19: Theoretical vs. experimental 
evolution of styrene concentration with 
time for 3.00 =Sf . Bck  and Bdk  values used 
in the simulation are in Table 5-1. 
Figure 5-20: Theoretical vs. experimental 
evolution of n-butyl acrylate 
concentration with time for 3.00 =Sf . Bck  
and Bdk  values used in the simulation are 
in Table 5-1. 
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Figure 5-21: Theoretical vs. experimental 
evolution of styrene concentration with 
time for 3.00 =Sf . Bck  and Bdk  values used 
are 9.99 × 105 L mol-1 s-1 and 9.66 × 10-4 
s-1, respectively. 
 
Figure 5-22: Theoretical vs. 
experimental evolution of n-butyl 
acrylate concentration with time for 
3.00 =Sf . Bck  and Bdk  values used are 
9.99 × 105 L mol-1 s-1 and 9.66 × 10-4 s-1, 
respectively. 
Figure 5-23: Theoretical vs. experimental 
evolution of styrene concentration with 
time for 8.00 =Sf . Bck  and Bdk  values used 
are 9.99 × 105 L mol-1 s-1 and 9.66 × 10-4 
s-1, respectively. 
Figure 5-24: Theoretical vs. 
experimental evolution of n-butyl 
acrylate concentration with time for 
8.00 =Sf . Bck  and Bdk  values used are 
9.99 × 105 L mol-1 s-1 and 9.66 × 10-4 s-
1
, respectively. 
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An improved correlation between experimental and simulated data was observed in the feed 
composition range studied when the values of Bck  and Bdk  determined from the PE study were 
used. Figures 5-21 and 5-22 illustrate the agreement between the model and experiments below 
the azeotropic feed composition of the styrene/n-butyl acrylate system, while Figures 5-23 and  
5-24 show the agreement above the azeotropic feed composition.  
To further probe how representative the proposed model is of the real copolymerization system, 
simulations were carried out to study the terminal unit of dormant chains. Figures 5-25 and 5-26 
illustrate the evolution of the fraction of dormant chains which possesses n-butyl acrylate as the 
terminal unit. Even though the 31P NMR spectra were marked by overlap of peaks from styrene 
and n-butyl acrylate terminated dormant chains, the method used to separate both signals resulted 
in data that is comparable with the simulation data from the proposed model. A reasonable 
quantitative agreement is observed between model data and experimental data. However, a fairly 
poor qualitative agreement between the model and experimental data is observed, with the 
greatest deviation in profile shape at short reaction times. This deviation can be ascribed to the 
uncertainties embedded in the approximated rate coefficients of first monomer addition  
( S
addk  and Baddk ). The actual values of the rate coefficients of addition of styrene and n-butyl 
acrylate to the 2-carboxyprop-2-yl radical are not known. But these rate coefficients are believed 
to be close to those of the addition of similar monomers to the 2-(alkoxy)carboxyprop-2-yl 
radical utilized in the model.18 The mode of initialization, governed by the rate coefficients of 
addition of the respective monomers, will determine the fraction of each respective dormant 
species, before the steady-state conditions are attained. This will occur until such a point that the 
radical ratio in the copolymerization system is governed by the reactivity ratios.  
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Figure 5-25: Experimental and simulated fraction of dormant chains with n-butyl acrylate as the 
terminal unit in the copolymerization of styrene and n-butyl acrylate with 29.00 =Sf . 
 
 
Figure 5-26: Experimental and simulated fraction of dormant chains with n-butyl acrylate as the 
terminal unit in the copolymerization of styrene and n-butyl acrylate with 58.00 =Sf . 
 
Thus by comparison of model data and in situ 31P NMR data, it can be observed that valuable 
quantitative results can be extracted from the in situ 31P NMR experiments with careful analysis 
of the data.  
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Further improvements of the model are however required, to improve on both the qualitative and 
quantitative description of the copolymerization system with respect to the terminal unit of the 
dormant chains. 
 
5.4 Conclusion 
In situ 1H and 31P NMR monitored copolymerizations of styrene and n-butyl acrylate were 
successfully carried out. From the in situ 1H NMR copolymerization data, the reactivity ratios of 
styrene and n-butyl acrylate were determined by fitting the high conversion data to the integrated 
form of the copolymerization equation. The copolymer composition curve was constructed from 
the in situ 1H NMR data and was found to be in good agreement with a curve predicted from the 
reactivity ratios determined in this study. The overall rate of monomer consumption varied with 
initial feed composition, with the highest rate observed for 4.0=oSf . The terminal units of 
dormant polymer chains were profiled as a function of polymerization time via in situ 31P NMR. 
Simulations carried out using the Predici software package, using the implicit penultimate unit 
model of the copolymerization of styrene and n-butyl acrylate mediated by DEPN are reported. 
The values of the rate coefficients describing the equilibrium involving the n-butyl acrylate 
terminal unit ( Bck  and Bdk ) were determined by fitting (via the parameter estimation tool of the 
Predici software package) the model to data extracted from in situ 1H NMR experiments. The 
obtained values of B
ck  and Bdk  resulted in good agreement between the model and experimental 
data in the initial feed composition range studied. The resulting model also yielded good 
agreement between simulations and terminal unit data extracted from in situ 31P NMR 
experiments.  
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Chapter VI: Epilogue 
 
This study has reported some important kinetic and mechanistic aspects in the styrene and  
n-butyl acrylate polymerization mediated by persistent radical species. A complete 
understanding of the respective systems leads to the theoretical explanation of observed 
phenomena if all major processes are taken into account. Some data derived from 
homopolymerization reactions cannot always be directly utilized in description of 
copolymerization reactions. 
 
6.1 Homopolymerization of n-butyl acrylate 
When MAMA-DEPN was used as a unimolecular initiator for the nitroxide mediated 
polymerization of n-butyl acrylate, the rate of polymerization was observed to be independent of 
the initial concentration of the initiator. In the case of high temperature styrene polymerization, 
the independence of rate of polymerization towards initial concentration of the initiator has been 
explained in terms of the pronounced thermal initiation of the styrene monomer. However, the 
kinetics and mechanistic features vary greatly between styrene and n-butyl acrylate, with the rate 
coefficient of thermal initiation of styrene far greater than that of n-butyl acrylate. One important 
question we investigated in this work was whether the tertiary mid-chain radicals reacted 
reversibly with the nitroxide. Through 1H NMR studies of the poly(n-butyl acrylate) prepared 
from the alkoxyamine MAMA-DEPN, evidence of adducts of the mid-chain radical with the 
nitroxide DEPN were observed. As a result, this proved indirectly the existence of a reaction 
between the mid-chain and the nitroxide, which would be reversible in nature. The implication of 
the existence of this particular reaction is that the equilibrium constant reported in literature for 
the n-butyl acrylate/DEPN system is in actual fact a composite value within which the 
description of two equilibrium processes are embedded. The values for the rate coefficients 
describing the equilibrium involving the mid-chain radical proposed in this study should be 
treated as preliminary. Although the model for the polymerization of n-butyl acrylate has been 
made as comprehensive as presently possible, many reactions still have to be included in the 
model to bring the model as close to the real system as possible. Such reactions include: 
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• Intermolecular chain transfer to polymer 
• Chain transfer to monomer 
• Chain transfer to solvent 
• The incorporation of the macromer (species bearing the 1,1-disubstituted alkene 
end group) resulting from ß-fragmentation  
• The use of chain length dependent rate coefficients 
Practically the inclusion of some of the processes in the model is very difficult, and depends on 
the theoretical approach used to model the polymerization. For instance, Farcet et al.1 has 
reported on poly(n-butyl acrylate) chains bearing multiple nitroxides, meaning that a single chain 
can possess several sites along the backbone on which the reversible deactivation-activation 
processes occur. The analytical description of such a process in the kinetic model of the 
polymerization is next to impossible. The fraction of such chains might be small in overall terms, 
but the inclusion of such a process might be very important in explaining subtle mismatches 
between experimental and model data.  
The effects of the inclusion of the equilibrium involving the mid-chain radicals on the kinetics of 
n-butyl acrylate polymerization were investigated theoretically using the Predici software 
package. The rate of polymerization was lower for the system with only an equilibrium involving 
the secondary propagating radicals, and higher rates were observed if both equilibria were 
included in the kinetic model. The lower rate of polymerization in the former can be explained in 
terms of the loss of radical due to self termination of mid-chain radicals and their cross-coupling 
termination with secondary propagating radicals. The product of the ß-fragmentation process, the 
chains bearing the 1,1-disubstituted alkene end group, showed a linear dependence on time. 
Based on this linear dependence, in the solution polymerization of n-butyl acrylate (fairly dilute) 
the incorporation of the 1,1-alkene species can be regarded negligible. The major conclusions 
drawn from the homopolymerization of n-butyl acrylate are that thermal auto-initiation and the 
equilibrium involving the mid-chain radical are crucial in explaining the kinetic features of  
n-butyl acrylate polymerization. 
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6.2 Copolymerization of styrene and n-butyl acrylate 
In situ NMR has been demonstrated as a powerful technique in probing the kinetic and 
mechanistic features in controlled living radical copolymerization. From the data extracted from 
in situ 1H NMR, the reactivity ratios for the styrene/n-butyl acrylate copolymerization system 
mediated by DEPN were reported. This technique is relatively simple and provides quick access 
to the determination of reactivity ratios. The reactivity ratios determined were in good agreement 
with literature reports for the same comonomer system under different polymerization 
conditions. The copolymer composition curve derived from the 1H NMR data within the initial 
feed composition range studied was in good agreement with the predicted curve. With the 
inherent sensitivity of 31P NMR, the terminal unit of dormant chains could be tracked with 
polymerization time as a function of initial feed composition. The use of a technique like in situ 
31P NMR, adds value to the already existing methods of understanding kinetic and mechanistic 
features of copolymerization systems. As demonstrated, the penultimate unit effects in the 
styrene/n-butyl acrylate copolymerization system could be detected. This technique of in situ 31P 
NMR applied to polymerization systems is limited to nitroxide mediated systems, and only with 
phosphorus bearing nitroxides. 
 
6.3 Simulation of the homopolymerization and copolymerization via Predici 
Simulation of both homo- and copolymerization processes were carried out with the Predici 
software package (version 6.72.3). The rate coefficients of deactivation and activation in homo-  
( t
ck  and tdk ) and copolymerization ( Bck  and Bdk ) were estimated with the parameter estimation 
tool of the Predici software package. The parameter estimation was carried out with reduced 
directions with automatic detection of number of essential directions. The simulations were 
carried out in the moment mode in Predici. For n-butyl acrylate homopolymerization, it was 
demonstrated that the equilibrium constant reported in literature must actually be resolved into 
its two respective components to get a model that can best fit experimental data. With the 
polymerization model of n-butyl acrylate mediated by DEPN, the effect of the inclusion of the 
equilibrium involving the mid-chain radical on the polymerization kinetics was studied. The  
co-existence of secondary propagating and tertiary mid-chain radicals could not be linked with 
the observed phenomenon of rate independence towards initiator concentration. As in the case of 
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styrene, the polymerization model revealed that thermal auto-initiation in n-butyl acrylate 
polymerization was the factor responsible for the observed phenomenon of rate independence. In 
the investigations into thermal auto-initiation of n-butyl acrylate, good agreement was observed 
between experimental and simulation data for initiator free polymerization of n-butyl acrylate in 
the presence of free DEPN. The rate coefficient of thermal auto-initiation determined in this 
study is in very good agreement with previously reported values. In situ 1H NMR can thus 
provide a facile route for probing and quantifying thermal auto-initiation in other systems with 
proper experimental design. 
For the simulation of the copolymerization of styrene and n-butyl acrylate assuming the implicit 
penultimate model, the use of rate coefficients of deactivation ( BCk ) and activation ( Bdk ) reactions 
obtained from n-butyl acrylate homopolymerizations results in a massive discrepancy between 
the simulation and experimental data. Unlike in the case of styrene, side reactions present in  
n-butyl acrylate affect the determined value of the equilibrium constant. However, these side 
reactions are absent in copolymerization reactions, and hence the reversible deactivation of 
chains with n-butyl acrylate as the terminal unit and DEPN cannot be adequately described by 
the rate coefficients obtained from homopolymerization reactions. Through simulations, optimal 
values for the rate coefficients of deactivation and activation involving the n-butyl acrylate 
terminal radical and DEPN are reported in this work. 
 
6.4 Recommendations 
For the homopolymerization of n-butyl acrylate, investigation into the mechanistic features of 
thermal auto-initiation is necessary. Unlike in the case of styrene, very little is known about how 
thermal initiation occurs in n-butyl acrylate. The knowledge of this process will aid in ultimately 
constructing a polymerization model that is representative of the real system. Electron spin 
resonance (ESR) spectroscopy studies of n-butyl acrylate polymerization mediated by DEPN can 
provide valuable information by comparison with ESR data from conventional n-butyl acrylate 
polymerization. Construction of an extensive model for nitroxide-mediated n-butyl acrylate 
polymerization should be undertaken. This should be done while taking into account all major 
and side reactions to allow for better estimates of the values tck  and tdk . In the case where the 
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parameter estimation tool of Predici is used to determine the estimates, three or more sets of 
experimental data should be used in the fitting procedure.  
Further investigation of the splitting pattern observed in the 31P NMR spectrum of DEPN  
ω-capped polystyrene should be undertaken. 
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